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1. INTRODUCTION

The following is a final report on Contract No. F-33615-77-C-
5061, "Solution Processing--Rodlike Polymers," for the period 13 April
1977 to 31 May 1979, The report consists of two major sections:
a) Work carried out at Carnegie-Mellon University, Department of
Chemistry, to elucidate the principles of solution processing of rodlike
polymers such as poly(benzbisoxazole ), PBO, or poly(benzbisthiozole )s
PBT; and b) Work carried out at the Celanese Research Company, under
subcontract to CMU, to prepare PBO and investigate scale-up of methods
of fiber formation as an example of solution processing of rodlike
polymers,

In the first section, attention is given to fiber formation
by solution processing of PBO and PBT as a means to evaluate process-
ing considerations developed for rodlike chains, and to obtain some
oriented solid PBO and PBT for physical testing (e.g., modulii, strength,
electron microscopy, etc.). Both the wet-spin and dry-jet-wet spin
fiber formation processes are explored, The latter is given more
attention since the simultaneous orientation and coagulation of rodlike
polymers appears to lead to limited final order in the solid state.
This limitation apparently results from loss of molecular mobility
during coagulation(l). It will be shown that the dry-jet-wet spin
fiber formation process leads to superior results with both PBO and
PBT, but that the latter is more easily used in solution processing.

Other topics considered in the first section deal with the rheology of

solutions of rodlike chains, methods to determine the orientation in




solutions of rodlike molecules, and some limited creep and recovery
measurements on oriented fibers of FBO.

In the second section, it will be shown that wet-spin fiber
formation process can be used with either PBO or PBT solutions, but
that the dry-jet-wet spin process is adaptable only with PBT solutionms.
With the latter, the inherent properties obtainable with flow-free
sections are found to be very good--1500 g/denier modulus, and 15-20

g/denier tenacity.



2. REMARKS ON DRY-JET-WET SPIN FIBER FORMATION

Solution processing of PBO by the wet-spin fiber formation
process has been discussed elsewheresl) and the method will also be
used in this study. The wet-spin process suffers, however, by combina-
tion of the orientation and coagulation steps in the formation process,
In either the wet-spin or dry-jet-wet spin processes, the necessary
orientation is induced by elongational flow below the spinnerette. In
the wet-spin process, the solution undergoes simultaneous coagulation.
With rodlike chains such as PBO and PBT, coagulation is accompanied by
substantial decrease in molecular mobility, thereby limiting the extent
of orientation possible. In the dry-jet wet-spin process orientation
is obtained by elongational flow in an air gap between the spinnerette
and the coagulant (see below), removing the coupling between these two
operations. The solution must have certain properties in order to
develop sufficient elongational flow to obtain the desired orientation
without rupture of the fluid column. These properties are barely met
with PBO, but are available with PBI. Since the dry-jetvwet-Spin
process involves a delicate balance of forces tending to orient or
rupture the fluid column, an analysis of this process is included in

the following section.

2.1 Kinematics Of The Elongating Pry Jet.
Consider the polymer solution being extruded from the orifice
of a capillary perpendicular to the coagulation bath surface at time

t = tO and coordinate x = X, with an initial velocity VO. The




extruded jet is elongated continuocusly due to tension in the filament
until it reaches the coagulation bath at t = t1 and x = Xy with v = vys
where upon it is quenched to form a solid fiber. This is shown
schematically in Figure 1. The force balance along the x direction

may be expresseé(e) as:

F= Frheo(x} * Fin(x) * Fstzrf(x) * Ffric(x> - Fgrav(x) (1)

where F and F are the rheological force

rheo’ Fin’ Fsarf’ Ffric’ Fgrav
developed in the elongating jet, the inertial force due to acceleration
of the polymer solution, the force due to surface tension, the frictional
force that arises from integrating the shear stress on the jet boundary
from x = 0 to x, the gravitational force and the external force exerted
by the take-up device. An estimation of the order of magnitude of the
various forces simplifies our analysis quite a lot. In the elongation
zone of the jet, the effect of jet swell can be neglected and the first
term is given by

Frhec = ATn (2)

where A is the cross-sectional area of the jet, % is the elongational
viscosity and % is the elongation rate. 1In our experiment, the time

average of this quantity (F >t ranges from 0.31 to 0.38 dynes.

rheo

The second term can be approximated by



F..= o (3)
where the density p = 1.5 gm ml-l, the throughput velocity,

-k o -1 . . -1
Q=7 %10  cm’ sec © and the largest final velocity V = 33 cm sec .
This results in a maximum value of 0.03 dynes, neglible with respect to

F'

The third term can be expressed by

Foupg = 2TOR (L)

where the surface tension @ ~ 51 dyne cm-'1 and the radius of the jet R

changes from 80y to about 30y , resulting in a change of FSu £ from

1.3 dynes to 0.5 dynés.

The fourth term is given by

2 * d
Ffric = ano Pyr ° Rdx (5)

where Por is the shear stress on the boundary which may not be
negligible in the case of wet spinning, but is quite small in the case
of dry jet. The order of magnitude of Ffric is 10-5 dynes here.

The fifth term is given, for a vertical jet, assuming the

contribution due to the part in the coagulation bath negligible, by

Fgrav = gpQ(tl - t) (6)




where g = 980 cm se{:-2 is the gravitational acceleration. The time
average of this term <Fgrav>t ranges from 0.06k to 0.072 dynes.

It is rather surprising to find that the effect due to sur-
face tension as the dominating effect in the system under investigation.
For most conventional spinning operations, surface temsion is quite

(2).

negligible Perhaps this is due to the low rate of spinning and
the low viscosity of the PBO scolution,

Neglecting the inertial, frictional and gravitational terms

in Equation (1), the force balance along the x direction yields

The elongation rate is defined as

- __1dA_ 2nR 4R
=" xde T A dt (8)

where the time derivative é% travels along with the moving jet. Sub-

stituting Eqn. (8) into Eqn. (7) yields

dR o F 1
A (9)

Consider the case of isothermal spinning, with an elongational
viscosity constant throughout the fiber (to be discussed later),

Eqn. {9) can easily be integrated to yield




afn ——x— - R, + R = (t-to) (10)

-SIKQ

where a = F/anx, and the dry-jet residence time (t, - to) is given by

1

a - R1
—--———-~a_R)-RO+R1 (11)

t, - t. = g%- an ( 5

Now we define the total elongational residence Re by

j'tl AO
Re = wdt =0n — (12)
% A
The time-average elongation rate will be given by
iy, = Re/(t; - t,) (13)

The latter is a useful measure of the effectiveness of the eldngational
flow for inducing alignment of the rodlike polymer., It is better than

the distance~average elongation rate (ﬁ)x given by

(e = (V) = V) (%) = %)) (1)

since the jet is accelerated as X increases.
To solve for the streaming profile and the velocity distribu-

tion in the fluid jet, we note that for steady state spinning all

partial derivatives with respect to time é% vanishes, Thus the




throughput velocity is constant

Q= AV, = AV (15)
n=-22 & (16)

Substituting Eqn. (16) into Eqn. (7) yields

% - -;-?é R(R - a) (17)
n

which, again, can be integrated to give

R X - X

Wy = Bt (1 B) ex (—55) (18)

where B = 30/3 is the initial fraction of the force due to surface
tension to that of the total external force, and b = g Q/g{XRQ. The

streaming profile and the velocity profile are given by

A(x)

A, [R(x) /3032 (19)

]

VolRy/R(D) T (20)

v(x)

and the elongation rate is obtained by substituting Eqn. (18), (17) into

Eqn. (16),



X - X « X

2) (21)

%

n=%[p+ (1 - B)exp( ) Jexp(

gb
where iO = 2Vo(1 - B)/sb (22)

It should be noted that in our experiment, realization of the
external force F is through the change of the take-up velocity va For
constant throughput velocity Q, the parameters a and g are varied
accordingly, and can be evaluated with Equation (18) knowing the dry-
jet length X "Xy the final radius R1 and the constant b. For the
set of experiments described in Table 1, (x1 - xo)/b = 4,86, and the
value of B is very close to unity. An approximate form of Eqn. (18)
is attainable by letting 1/g = 1 + y, where y is a measure of the

initial contribution of the forces other than that of the surface

tension, normalized by the latter. This results in

N
. (R/R) -1 exp(—=) - 1
-1-?@=73 2 }x = 2 (23)

1 0 X
exp 2521 emp(@ -1

provided y < b/(x1 - xo).
In this case, we substitute a = RO(l + ) and Eqn. (23) into

Eqn. (11), and obtain

LR+ R, ] (2ha)




7R X, - X R R
=9 fpemp 2l ) s Lt i1 (oMb
194 b RG RG

Therefore, the residence time increases almost linearly with the dry jet

length (Xl - xg), and it decreases with the square root of the take-up
2

speed V,, since V, o g{Rl.

2.2 Rheology In Elongational Flow For Rodlike Polymer Solution.

There have been only a few experimental studies on the rheology
in elangationai flew; Even more scarée are studies on rodlike polymer
solutions., For guidance on the rheological behavior of rodlike polymer
solution in éieﬁgatianal flow, we shall invoke tﬁe rigid dumbbell model

(3,4)

developed by Bird and coworkers This topic will be explored in
more detail in a subsequent section. Here, we present a limited
discussion adequate for the present purpose. According to Bird et al.

for a suspension of dumbbells with Length L in a solvent with viscosity

g the elengatieﬁal(viscasity ﬁ is given as a function of % by:

700 =30+ (7(0) -3 g)lg+ 7 (3-1)] ()

where ¢ = %g‘xkzig Tc’is the usual time constant given by the product

of zero shear viscosity and recoverable compliance, and
1 32
= eu/f ep' dz (25)
0

The orientation of dumbbells in the flow has been studied

(1b)

with Kramer's method in a previous report to yield the angular

distribution function ¥ (6, ¢)

10



. J . 2
T (0,4) = 5 exp[-y sin 8] (26)
L
As a measure of the extent of the alignment of the dumbbell
along the flow direction, the Hermansand Stein orientation parameter
h = % [< C0829 > ~17 can be evaluated by taking the average (cos29)

with Eqn. (26) and results in

h:)%l(J-l)--el (27)
Values of ﬁ and h have been computed for selected values of
Tci. They are listed in Table 1 and plotted in Figure 2. The region
of elongation rates that is of our interest in the spinning process
includes ¢ci = 0.1 to 2 where the Herman's parameter changes from 0.1
to 0.9. In this region, the elongational viscosity h increases very
gradually from ;b to 2 ao, and can be represented conveniently as a

power law, as indicated by the dotted line in the Figure,

. % % 0.2
n()=n (Wr) (28)

% . -%
where n is the viscosity at a reference elongation rate » .

A more realistic form for Eqn. (9) can be expressed as

0.2
1.2 - %
dR,"* 0.87a n - R
(dt) = n* L:o‘ 3 ) (29)

The reduction of the jet radius R would then be slower than

that given by Eqn. (11). The residence time ty - ty, as well as the

time average elongation rate (x)t, however, are not affected

11




significantly, 1In the region of X >r2/7c, % remains closed to a
constant value (2%0} and this effect is even less significant. There-
fore, for practical purposes and mathematical simplicity, we shall
consider é' constant in our analysis for elucidation of the nature of
isothermal dry-jet spinning of PBO solutions.

2.3 Mechanism Of Jet Breakage.

Formally, a purely viscous fluid jet can be elongated con-
tinuously to an infinitely small diameter without breakage. 1In actual
practice, the jet ruptures at some point when it is attenuated to a
certain diameter or when the tensile stress is increased to a certain
critical value, The problem of dry jet rupture is even more serious
for PBO solution than other polymer solution. Spinnability of a
fluid, as defined by the ability of the fluid to form a jet without

(2,4,5,6)

breakage, has been investigated quite extensively Among

them, Ziabicki et al. has given a very comprehensive discussion on the

(2’?). Two mechanisms are proposed to be responsible for

subject
fracture of the fluid jet: the capillary-wave fracture and the
cohesive fracture., The former is due to the growth of waves on the
surface of the fluid jet. These grow until their amplitude equals
the radius of the attenuated jet. This effect is connected with the
surface tensions and viscosities of both the fluid jet and the medium
in which the jet is immersed. The second rupture mechanism involves
the increase of tensile stress until the stored elastic energy equals

the cohesive energy density of the material. For PBO solutions, in

the dry-jet region, the first mechanism will be the determinating one,



especially with low viscosity solutions. On the other hand, in wet
spinning, the interfacial surface tension is lower and surface waves
are damped out by the surrounding medium, so that the second mechanism
dominates. We shall concentrate our attention to the mechanism of
capillary-wave fracture in the following discussion on the dry-jet of
PBO solution spinning.

Capillary waves are invariably generated on the jet surface
for any real steady fluid jet. The perturbation 3 on the surface
grows with time because of the excess pressure due to surface tension
at the nodes of the waves. Following Ziabicki(7b), it can be expressed

as

5 = SOe\’tCos(2ﬂx/)\) (%0)

where 80 is the amplitude of the initial perturbation on the radius R
on the jet at time t = tos )\ is the wavelength of the perturbation and

vy the growth factor.

For a free cylindrical jet, Weber(8) has derived an expres-

sion for

v = YR (31)
6n + Bp &R

relating it with the surface tension ¢ and its viscosity g For the

system under investigation, ”@PCXRO /6np = 0.0037 << 1, and Eqn. (31)

can be simplified to

13




VTR (32)

1f the jet is immersed in another fluid of viscosity g', then vy is

given by

v =g (L - 6°)a( 9) (33a)

where 6 = 27 x/) and & (6) is a function of 0, p and n' given by
Tcmetika(?). In particular, Tomotika has evaluated the values of
(1 - 82} & (o) for selected values of gn/n' with maximum growth listed

below

n/ n ~e v=0a/6 nR (33b)
n/ n =0.91 v=0a/30 nR (33c)
n/n =0 v=(a/6 qr)3n/7n")  (33d)

If the breakage mechanism is purely capillary-waved, the

attenuated jet will rupture at R, when a(tg) = R,- {See Figure 1)
Since the jet radius R, and consequently vy, change with time, the con-

(7p)

dition of breakage is given by

5Oe§{p IE v dt = R2 (34)

1k



Rearranging Eqn. (9), integration yields

t

IS SRS D (r, - 7)) (35)
0

Substituting Eqn. (35, (11) (replacing subscript 1 with 2)

and Eqn. (32) into Eqn. (34), one obtains the breakage condition for

the radius R2 for fiber fracture:

a-R 1/2
8 (;":—ﬁi) = R, (36)

or rearranging to give an expression explicit in R2

R2 =

60 N/ Sg + 4(1 + 7)7R§ - Sg
(37)
29R

0

In case of 4(1 + 7)7R§ > > 62 Eqn. (37) reduces to

O)
Ry =8, (L+7)7 =8/ J1-B (38)

For a dry-jet wet spinning operation to be continuous with a
dry-jet length X - % and an attenuation ratio Rl/RO’ the condition
R1 > R2 has to be satisfied. The parameter B plays an important role.

In other words, we must satisfy the spinnable condition

2

° 0

=

B<(1-§§-’§I) (39)




where B is determined by the reduced dry-jet length (xl - XQ}/b with
fixed ratio of RG/RI according to Eqn. (18). The effect of surface

tension is imbedded in the parameter b,
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Table 1

Orientation of Dumbbells in Elongational Flow

'rc';c Cos-l(Cos 0y (Cos29) h »ﬁ‘-}ns/ﬂo)gns
0 60° 0.3%% 0 1.00
0.3 45,7° 0.560 0.33 1.33
0.6 32.8° 0.737 0.61 1.61
1 23,2° 0.851 0.78 1.78
2 16.3° 0.927 0.89 1.89
6 8.1¢ 0.979 0.99 1.99
® 0° 1,000 1.00 2.00




Figure 1

N

COAGULATION

Schematic diagram of dry-jet wet-spinning with PBO
solution. Enlarged jet showing breakage mechanism due

to capillary wave.

18



"S11eqqunp pI3TX Jo uorsuadsns aINIIp IX0JF L3 2
33181 uoT3e3uo]’ podnpsa jsujede pajjold Isjeweawd urmisy
PU®B 93IN[0s 03 onp A3TS0OSTA TPUOIJESUOI® JO mwy3TaeIoT

292

© 9an81Jg

19




3. COAGULATION STUDIES

The coagulation step in solution processing involves a balance
between two opposing rates: a) the coagulation must be fast enough
to be effective in maintaining the orientation induced during flow:
but b) coagulation must not be so fast that the process distorts the
oriented domains, or produces other undesirable artifacts. 1In fact,
as will be seen below, the coagulation process can result in instabili-
ties, producing incursions oflthe coagulant into the polymer solution.
These incursions culminate in voids in the coagulated solid. Since
these are important in determining the strength and, to some extent,
the modulus of the processed solid, a series evaluate the coagulation
properties of a number of nonsolvents inducing mixtures.

3.1 Experimental Method.

A small drop of PBO (or PBT) solution was sandwiched between
a dried glass slide and a cover glass, énd placed on the stage of a
polarizing microscope fitted with a calibrated scale in the eye piece.
Immediately, a drop or two of the selected coagulant was introduced at
the edge of the cover glass with a disposable pipette. The coagulant
proceeded towards and encircled the PBO solution due to capillary action.
This took place very rapidly except for highly viscous coagulants such
as glycerol. Upon contact between the two liquids, coagulation starts
in the PBO solution. Usually a rather sharp coagulation boundary was
observable with or without the cross polars, proceeding into the interior
of the PBO solution, The advancement of this coagulation boundary could

be registered as a function of time with the aid of a tape recorder to

20




record the boundary location as read from the eye-piece calibration scale.
The experiments were usually performed at room temperature.

With experiments run at temperatures other than room temperature,
or with coagulants too volatile to maintain an excess supply of coagulant
surrounding the PBO solution, the following modification was adopted.

The coagulant under investigation was placed inside a closed vessel and
equilibrated at the desirable temperature. The sandwich of PBO solution
axd glass slides was then immersed into the coagulant and the initial

time of immersion was noted as that of coagulation. After a sufficiently
long time of immersion, the slides were taken out and placed onto a
microscope stage for examination of distance of coagulation. The duration
of observation on the microscope stage was short in comparison to the
total duration of immersion so that no significant change occurred during
observation. For another experimental point the process was repeated
with a different duration of immersion. WNaturally, only the long time
behavior of coagulation could be investigated this way.

It was observed that with an 8.98% PBO/MSA (2.5 CSA) solution
coagulated by water or methanol, the coagulation mechanism is composed
of two simultaneous processes. In addition to the appearance of a
sharp coagulation boundary more or less in parallel with the interface
between the two liquids, at numerous points of the interface, coagulant
incurred into the PBO solution as if it had broken the coagulated
boundary originally formed. The lobes of incursion grew rapidly, leaving
behind regions diluted with the coagulant and creating coagulation

fronts around themselves. This catastrophic mechanism of coagulation,
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apparently related to the interfacial surface tension between the
coagulant and the coagulated phase, is believed to be undesirable for
solution fabrication of the polymer.

3.2 Results and Discussion

Some of the results of a typical coagulation measurement are
illustrated in Figure 3. Here a 7.62% isotropic PBO-5/MSA (2.5 CSA) is
coagulated with a number of alcohols. The advancement y(t) of the
coagulation front is plotted against the square root of the coagulatim
time t. 1In general, linear relationships are followed up to 200 microns
(w). This behavior is in accord with Herman's theory on diffusion with
immobile trapping chemical reactions. In his analysis, molecules with
concentration ¢ diffuse into a medium with trapping sites of concen-
tration m. The change in concentration of molecules with time may be

written as

o3¢ 3c
ot Bx2

where D is the diffusion constant, K is the rate constant of reaction
and x is the coordinate for one dimensional diffusion.

In the case of coagulation with a sharp boundary, K is very
large. One can practically assume that for x < y,m = 0 and for
x>y,m=m where w is the original trapping site concentration., With

initial conditions

clo,t) = ¢, c(x,0) = 0 for x >0 (41)
o
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and boundary conditions

0 .p X -, Y
c(y,t) = 0, =D = , =m ST (42)

The diffusion equation can be solved to yield the advancement of coagu-

lation boundary y(t) as

y =2z ,/ Dt (43)

where z is given implicitly by

2 =z 2 co
b A =8 dS = =—
ze f e 2mb (44)

Accordingly, the coagulation boundary y advances linearly with the
square root of time and the quantity y[j?? = 2zJTT can be used as a
measure of the coagulation rate, The quantity z increases monotonically
with co/mo, the ratio of initial concentration of the coagulant to that
of the trapping sites.

Coagulation study has been performed with three rodlike polymer
solutions: (1) an isotropic 7.6% PBO-5/MSA (5 CSA) solution, (2) an
isotropic 4.74 PBT-20/MSA solution (3) a nematic 9.2% PBT-43/MSA
(2.5 CSA) solution and (4) a nematic 10.3% PBT-47/MSA solution. The
coagulation rates y/Jq?, incursion behavior and solution contraction

are summarized in Tables 2-6. Some of the coagulants are mixtures of

a fast coagulant (e.g. H20 or MeOH), which unfortunately produce




incursion in the solution, and a noncoagulant (e.g. MSA) or a slow
coagulant (e.g. ethyl sulfate). The resulting mixtures in general
have intermediate coagulation rates but much more satisfactory
incursion and contraction properties. The coagulation rates for
these mixtures are plotted in Figures 4-6.

Criteria for selection of a coagulant for a particular
spinning operation include several factors. First, the rate of coagula-
tion is to be considered in three respects: (1) complete or nearly
complete coagulation should have been attained before the fiber reaches
the first godet in the coagulation bath. This is especially true in
wet spinning operation; (2) If a rigid skin is formed in the fiber
upon quenching into the bath, the time for complete coagulation should
be smaller than the relaxation time of the oriented species in the
fiber, This may be the case in dry jet wet spinning: (3) in "inert jet"
spinning, on the other hand, the fluid chosen as the "inert jet" bath
should have zero or very low coagulation rate. For example, in a wet
spinning operation with a take-up speed VT of 15 cm sec-i, a first
coagulation length £§ (the distance between the point of immersion
and the first godet) of 30 cm and a fiber radius RI of 30 y, the
selected coagulant should have a coagulation rate y/wfg‘not smaller
than Ri,J?E;73; =21 gsec-l/z. If on the other hand £1 = 3 dm, then
the required y/.,/t is increased to 67 gsec-l/g.

Secondly, as mentioned above, the occurrence of incursion is

believed to be unfavorable in solution fabrication of oriented polymers.

In wet spinning, the flow field for alignment of molecules in the jet
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may be disrupted by the radiating incursion, creating an ill oriented
fiber with coarse surfaces. In dry jet wet spinning, the molecular
alignment developed in the dry jet is likely to be destroyed or reduced
if the incursion proceeds transversely towards the center of the jet.
1f, on the other hahd, the incursion proceeds longitudinally along the
impinging jet, it may split the jet into a number of fibrils with
finjte lengths.

Thirdly, solution contraction has to be considered, especially
in wet spinning, In conventional operations, jet swell is always present
in coil-like polymers and is diminished by the reaction of the coagulant
with the jet. Experiments with PBO and PBT solution spinning reveal,
however, a disadvantage for systems with substantial contraction.
Coagulants which yield appreciable contraction of the solution gradually
creep into the orifice of the spinnerette along the inner wall asymmet-
rically. Such premature and nonuniform coagulation proves to be disastrous
and prevent attainment of high stretch ratio.

3.3 Summary

Based on the limited data listed in Tables 1, 2 and 3, and
the aforementioned criteria, candidate coagulants can be suggested for
a particular spinning operature. For instance, a 40% MSA/MeOH or a 5%
MeOH/xylene may be chosen for wet spinning of a 7.6% PBO/MSA solution,

a Lhog MSA/HEO or a 30 ~ 40f MSA/MeOH for a L4.76f PBT/MSA solution, and
a 50-70% ES/MeOH or a diethyl ether for a 9.2% PBT/MSA solution. For
dry jet set spinning, if the incursion proves to proceed longitudinally

so that it does not destroy the molecular orientation, extremely fast

25




coagulant such as H,0 or MeOH may be used. Otherwise, a 10% MSA/MeOH
would be more suitable for a 7.65 PBO/MSA solution, a 50% MeOH/DOP or
ether for the PBT solution. For inert jet wet spinning, the inert bath
liquid has to be compatible with the subsequent coagulant and be mobile
encugh to allow immediate and uniform coagulation once the jet leaves
the inert bath and enters the coagulation bath. Depending on the
nature of the subsequent coagulation bath, l-chloroctane, dioctyl
phthalaté, chloroform or carbon tetrachloride etc, may be used for the
iﬁeft bath liquid. Finally, it should be remembered that the coagulate
measurements were made in a static drop of polymer solution sandwiched
between two glass sliéés; One must be very cautious in translating
such information to the spinning process, where the polymer solution

is subjected to constant deformation and orientation.
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Table 2

Coagulation of 7.62% PBO-5/MSA (5% CSA)

Coagulant Incursion Coag. Rate y/,E_ Solution
(u sec-l/éj Contraction
)
HQO a lot - m——-
CH3OH a lot a--- -
Ethanol 1 18.9 ~. 80
n-Propanol 23 11.5 ~ 12
n-Butanol a lot a—-- ————
t-Butanol some 6.67 ~ 12
n-Hexanol some 8.69 'm 12
n-Octanol a lot ——- c——-
n-Butyl Acetéte a lot ———- ————
Dimethylformamide a lot —m—- cema
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Table 3, Coagulation of 7.6% PBO-5/MSA

Coagulation rate Contraction

Coagulant v/t (psec-lfz) Incursion (u)
At room temp.

20% xSAfﬁgﬁ 27.5 a lot 46
302 ¢ 24.4 several 34
407 " ¢ 21.6 3 ~4 12
17, MSA/MeOH 26.0 several 80 ~ 50
32 " " 25.8 1 44
52 » v 25.0 some 40
07 " " 25.7 none 34
202 % 22.2 1 17
3072 * 0" 20.6 several 17
407 " " 18.6 0~2 12
5% MeOH/xylene 12.3 none 0
102 " "¢ 15.2 3 12
302 ¢ 24.8 a lot 46
ngSGH 18.7 v. little 80
n~propanocl 10.2 1 iz
t~butanol 6.5 v. much 12
n-hexanol 8.6 some 12
cyclohexanol {slow) 6 0
n~octanocl - completely -
laural alc. {slow) completely 0
benzyl ale. {moderate) 3 0
ethylene glycol {slow) 4 0
glycerol 8.65 0~ 2 0
triethanolamine 9.6 0~1 0
l-chlorooctane 4.5 none 0
n~-butyl acetate - a lot -
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Table 3.

Coagulation of 7.6% PBO-5/MSA cont'd.

Coagulation rate Contraction

Coagulant yLJTT (usec—llz) Incursion )
diethyl phthalate (slow) completely -
dibutyl phthalate (slow) a lot 0
dioctyl phthalate ~0 none 0
DMSO (moderate) a lot -
DMF - a lot -
at 0°C

MeoH 20.5 v. much -
3% MSA/MeOH 19.5 v. little -
5% MSA/MeOH 19.8 v. little -
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Table k.

Coagulation of 4.76% PBT-20/MSA

At Room Temperature

Contraction

Coagulation rate
Coagulant y/Jt {gsec-l) Incursion W)
328 63.1 (v. nonuniform) 69
20% ﬂSﬁfﬁzﬁ 41.0 (v. nonuniform) 34
307 v 0¢ 32.4 {nonuniform) 34
40 " 21.2 1 12
502 » 15.5 several 12
MeOH 50 5 69
3% MSA/MeOH 35 ~ 39 some large 12
102 " ¢ 25.8 ~ 26.6 5 12 ~ 34
202 v 23.2 ~ 25.2 a few 12
107 S 20.4 ~ 23.9 none 12
4% " 18.2 ~ 20.2 none 0 ~ 12
502 " *» 16.3 none 0~ 12
6072 " " 15.2 none 0~ 12
5% MeOH/xylene (incomplete coag.) none -
102 " ¢ 19.4 a few 12
10% MEGH!C&C13 (incomplete coag.) a few 1]
107 MeOH/triethanolamine 2.0 some small 0
50% MeOH/triethanolamine 18.4 a lot 12
GEHSGH 27.0 5 34
n-propanol - (completely) -
107. MSA/C,HO0H 16.8 a lot 23
202 ¢ " 16.1 a few 12
glycerol 5.7 some small 0
triethanolamine 8.2 some 0
507 MeOH/glycerol 11 none 12
50% }iei}H/CH(R} 25.4 {(nonuniform) 46

30



Table 4.

Coagulation of 4.76% PBT-20/MSA

at Room Temperature cont'd

Coagulation rate Contraction
Coagulant y/vﬁ?'(psec-l) Incursion ()
50% MeOH/CCL, 39.0 (v. nonuniform) 35
50% MeOH/dioctyl phthalate 35.2 none 58
diethyl ether 23.8 none 69
dioxane 14.5 a lot 23
acetone 47.1 (nonuniform) 58
MEK 24.8 some 0
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Table 3.

at Room Temperature

Coagulation of 9.2% PBT-43/MSA

Coagulation rate Contraction
Coagulant y/J?T (nsec-lfz} Incursion ()
30% MSA/MeOH 20.9 3 large -12
%

30% ES/MeCH 30.6 (v. nonuniform) 58
4072 " 0" 24.4 some large 34
457, " " 26.0 2 large 23
507 ¢ " 21.3 none 0~ 12
55% » ¢ 21.0 1 large 23
6072 ©» ¢ 22.8 several small 4]
072 ¢ " 21.0 1 large 0
MeOH:MSA:ES (50:10:40) 24,0 3 medium 12

i & ® (50:30:20) 19.8 1 large 12

b i " (50:40:10) 18.2 2 large 0
Czﬁsaﬁ 16.4 1 12
diethyl ether 23.2 a few small 0
acetone 26.1 a few 1z
50% acetone/benzene 16,1 none 12

*
ES = ethyl sulfate
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Component

50% Methanol

20% Methanol

50
70
80

104 Water
20
ko
50
70
80

hof, Water
50
60
70
80
90

Lot Water
50
60
70
80

90

Table 6

Coagulation of a Solution of PBT-L7 in

Methane Sulfonic Acid (10.3%

(Room Temperature)

Coagulatlon Rat7

1 Component 2 y/NE (n sec
50% Ethyl Sulfate 15.6
80% Sulfolane 4.k
50 20.0
30 23.5
20 ~30
90% Sulfolane 11.5
8o 19.4
60 22.h
50 22 ~ 24
30 30.2
20 26.4
60 Methane Sulf. Acid 14.6
50 17.8
Lo 20.4
30 23,4
20 28.2
10 25.8
60% Methane Sulf. Acid 4.6
50 17.8
ko 20.h
'30 23.4
20 28.2
10 25.8

Polymer)

Incursion
None

None
None
1
Several

None
1(1large)

None
1(small)
few(small)
few(small)

None

None

1
few(small)
few( small)
Several

None
None
1
few(small)
few(small)
Several

(a) Radial contraction of solution of about 1 cm diameter
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., a
Contraction

(1)

0

-11.5
-1
-2
-6

-1
-1
-1
-1
-5
-2

-1
-1
-1
-2
-3
-2

-1
-1
-1
-2

b




Figure 3

400 |

300

200

Y (micron)

100

Coagulation of a 7.6% PBO-5/MSA solution with alcohols:

pip down, ethanol; mo pip, n-propanol; pip up, t-butanol
and pip 4 o'clock, n-hesanol.
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4, RHEOLOGICAL STUDIES ON PBT SOLUTIONS

The rheological properties of rodlike solutions are central
to solution processing to develop well oriented materials. 1In the

fiber formation process discussed in Section 2 the elongational flow

properties are important. In the film formation process to be discussed

in Section 10 the shear flow properties are important. 1In the follow-
ing, the properties of isotropic and anisotropic solutions of PBT-62A
in MSA (with 2.5% CSA) will be described, The data were determined
with a cone-and-plate rheometer described previeuslyio.

4,1 Experimental

Materials
PBT-62A sample was obtained from SRI Internmational. Its

intrinsic viscosity was reported in MSA as 26.5 dl/g. The polymer was
dried under vacuum at 60°C for several days prior to use. MSA and CSA
were distillied under vacuum and stored in vacuum desiccator. Solution
were prepared by mixing dried polymer and acid mixture in a sealed
container at 60°C. A Teflon coated magnetic bar was used to slowly
stir the solution.

Apparatus

The wire suspension cone and plate rheometer used in this

(IQ)‘ The main problem in

study has been described in detail elsewhere
this experiment was possible contamination of the sample by moisture.

The following procedure was employed to suppress or eliminate this

problem. The Rheometer was purged with dry nitrogen for a night at

38



70°C before the sample was transferred from its sealed container to the
sample chamber. The proper amounts of sample (~ 0.7 ml) was transferred
from the sealed sample container by dry nitrogen pressure (~ 50 psi) to a
1 ml syringe inadry glove bag, and injected immediately to the closed
rheometer through Teflon tubing. Then, to avoid contamination of
sample by moisture during the experiment, the cone plate fixture was
sealed by a concentric glass ring resting in dry mineral oil, see

Fig. 7. During all these operations, the rheometer was purged with

dry nitrogen entering through the bottom and the sample chamber of the
rheometer, The sample was well maintained for a week.

4,2 Results and Discussion

In general, the viscosity nx of polymer solutions approaches
a constant value T at each specific temperature, concentration, and
composition of polymers at low rate of shear. As the rate of shear
® is increased, the viscosity departs from M becoming in almost all
cases a decreasing function of shear rate. For many fluids, the
dependence of the viscosity M on the shear rate ¥ can be represented

in the forms (11’12)

n, =y Ar ) (45)

where the time constant Te can be evaluated as

o™ RO ’ (46)




with T the zero shear viscosity, the steady state recoverable shear
compliance, EQ defined as the value of the steady state recovery
function R = yx/x ﬂx in the limit of steady state creep at shear rate
% In addition for many polymeric fluids, the recovery function Rx can

. 2
also be correlated in terms of time constant Tc(I )

R, = RgP( Tcx) (&7)

In the following, we will discuss the behavior of concentrated
solutions of PBT in terms of these relations. It is well known that
concentrated solutions of rodlike polymer chains will undergo a phase
change from an isotropic to anisotropic state of some molecular depen-
dent concentration. It is also interesting to note that this concen-
tration changes with the temperature and quality of the solvent. In
this study, we measured the steady state viscosity T, function of
concentration C and temperature T, The phase change of the polymer
solution are also observed by using the polarized microscopy.

Rheological data were collected for solutions of PBT-62 in
MSA at the twenty-one combination of concentration and temperature
shown in Figure 8, The phase diagram is not yet determined completely
for this system, but a few conditions noted as isotropic or nematic
phase are alsc given in the diagram.

The rheological data studied included the steady 8tate viscos-
ity Ty, and the recoverable compliance Rx as functions of the strain rate

#. The data for the six concentrations studied at 600C are shown in

ko



Figure 9, It may be seen that a rich variety of rheological behavior
obtains, including data with a clearly defined limiting viscosity, Mo

at low shear rate, and data for which n, 2ppears to increase without
bound with decreasing x at low % The behavior noted for the 21
solutions can be separated into three broad classes as illustrated
schematically in Figure 8. 1) Type I behavior is observed for isotropic
solutions well removed from the phase boundary the data could be

correlated by the relations

= Qv ) (48)

2
I

=
i

x ROP(TCN) (M9)

with = n.R,, and the functions Q( ) and P( ) exhibiting properties

similar to those found with other isotropic solutions of rodlike and

(12-1&).

flexible coil polymers This behavior is illustrated in

Figure 10 and Table 1. In this region, M and R0 are both well

defined experimentally--values of % and R.0 are given in Table 7 and
Figs. 11-14k, 2) Type III behavior is observed for nematic solutions
well removed from the phase boundary. The rheological data, shown in
Fig. 15, deviate from Eqns. 48 and 49 in at least two ways: a) no
limiting value o of the viscosity was found, even for x as low as

10-1F sec'l, and b) the dependence of n,, and Ru on a reduced strain rate

TN is not universal. TFor small y, N is nearly proportional to nfl.

A 'plateau viscosity' equal to the value of in a plateau is
P T My P

L1




observed as x is increased at slightly larger values of x Curiously,
a well defined limiting value RG is observed for the recoverable
compliance even though n, does not appear to tend to a limiting value
for small %. Type II behavior obtains when the solutions are near a -
phase boundary. For some of these solutions, it appears that the data
can be fitted by Eqns. 48 and 49 as shown in Fig. 16, but the reduced
plots do not coincide with the reduced plot for the isotropic solutions. -
For example, the onset of nonlinearity in Ny is observed for smaller
values of T than with the isotropic solutions, With these solutions,
it is not clear whether the limiting value of T, used to compute Te
corresponds to My °F ﬂp as the limiting behavior did not cover a large
span in ¥ Values of Mo (or np as the case may be) and RG are entered
in Table 7 and Figures 11-1k,

In two cases, the behavior in region II appears to be a
complex blend of the behavior found in regions I and III. As may be
seen in Fig. 17 the data obtained at 60 and 40° (with a solution with
V'

2
or the sharply increasing 7, at small x in region III. Rather, n,

= 0.03%34 do not exhibit a true limiting value for Ny s in region 1,

appears to decrease slowly with increasing x over the range of x
studied, The reason for representing the data as shown in Fig. 17, with
the value of ”9 given in Table 7 and Figs. 11 and 12 will be discussed
below,
4,7 Discussion

Reduced plots for the seven concentrations studied at 60°c

are given in Fig. 18 to illustrate the diversity of behavior encountered

h2




in this study. This diverse behavior is conveniently discussed in
terms of the three behavior classes described above, It may be noted
here that in future work we will attempt to correlate these domains with

those observed in the phase equilibria between the isotropic and nematic

states,

a) Type I Behavior

The reduced curves given in Fig. 10 for the isotropic solutions
are very similar to behavior for flexible chain polymers. 1Indeed, the
reduced flow curve is nearly identical with that for a 6% solution of
a high molecular weight polyisobitulene in a mineral oil. The reduced
recovery curve is similar to that for other polymer with a molecular
weight distribution showing nonlinearity at values of TN for which
the flow curve is still linear. The similarity of flow curves for
diverse systems has been noted previously in our work. By analogy with
other systems studied in our laboratory, the curve for Rn VS, T % is
probabiy very similar to the function Ro(e) versus Tc/e where Ro(e) is
the linear recoverable compliance at time © after cessation of steady-
state flow (e.g., Ro(e) = Rx for = 6-1). The latter may conveniently

be expressed in terms of a specturm L(7) of retardation times r:

[>¢]
Ry(/7,) = R, + [ Ly 1- exp (-t/7)Qd0n(r/r ) (50)
~co
where Rg is the glassey recoverable compliance, For a thermorheologi~

cally simple fluid, L(T/Tc) is independent of temperature. The data

on the isotropic solution indicate a rather broad spectrum, with a

b3




peak at long times approximately in the range 10-100 times et This is
similar to the retardation spectra for other polydispersed polymers.
As may be seen in Fig. 12, M is a strongly increasing func-

tion of w

> for the isotropic solutioms.

It is of interest to compare the rheological behavior observed
with isotropic solutions with the theoretical calculations of Doi and
E&wards(i5’16} for some properties of rodlike molecules. These authors

report results of the form

5 <0525
M=t L1+ A (r0)"] (51)

5 -0.874
S =8 [ r Aglry) ] (52)
x 0 [1+ Aﬂ(?rx}‘?}-I'GSG

where Sx is determined from the first normal stress difference Nl x as
*
: N
1x
S, = (53)
% 2 2
2% n
y A

-1
Here 1 is (6Dr) , where D is the rotational diffusion constant at

the concentration (and temperature) of measurement. With the model used

for non-dispersed rodlike molecules, Aﬁ = 2.556, A, = 2.009 and

N = vkT/10 D (54)

s =22 (55)

{'}= vkT



so that TS = MRy = (6Dr)'1 (56)
0,, .3 -2

and D = BD_ /(vL7) (57)

00 = kTn (1/8)/3n 17 (58)

where y is the number of rods per unit volume, B is of order unity, and
L is the length of the rodlike molecule.

These relations are meant to apply in the concentration

range

2
117 <«< v << 1/dL (59)

or, in terms of the weight fraction concentration units used here, where
ML is the mass per unit length and Py is the solvent density, with
lengths expressed in Angstrom units. With d and L taken to be 10 and

o
103 A, respectively for an order magnitude calculation, it may be seen

that the concentration range is

2 %107 <«<w, <2 x 107 (60)
or far below the range covered in our experiments. It may be reasonable
then that the dependence of 7y O concentration is much greater than

the proportionality with v3 predicted by these relations. In addition,

the calculated decrease of 7 )t/ Y with increasing T is greater than is

k5




observed experimentally in the range of concentrations studied here.
Nonetheless, the general picture presented by the Doi-Edwards calcu~
lation to explain the large values of Te = Tp = (6ﬁr}'1 must be qualita-
tively useful. 1In this picture Dr decreases with increasing ¢ owing

to intermolecular ‘'entanglement effects'. These intermolecular inter-
actions greatly reduce motions in which the chain moves laterally to

its long dimension, but do not much alter motions of the chain along its
length axis., Hence the term entanglement, Doi and Edwards have applied
the same sort of consideration to the flow of coil chain polymers.

b) Type III Behavior

The type III rheological behavior ef‘the nematic phase reveals
the effects of orientation of the ordered dsmaiés in the flow field,
The behavior at low %, with y nearly proportional to xfl is believed
to originate with this orientation. The data show that orieatatien

b sec-l), The

&velops at even the smallest values of X used (about 10~
relative mobility of these domains is advantageous in the formation of
well oriented fibers and films by solution processing, The rheological
time constant Te = “%RG is not large for these nematic PBT fluids, in
contrast to the situation with PBO for which it appeared that Te
increased appreciably for the nematic fluid. The data in Fig. 19 show
that T, reaches a maximum near the phase boundary, then falls by about
ten~fold as the solution becomes fully nematic. The émail

values of Te for the nematic fiuid indicgte that the quenching step in a

solution processing method will have to be rapid to preserve fluid

induced orientation.

L6




The plateau observed in Ny, for anOnfw 1 may indicate that
the domain orientation is essentially complete, with flow occurring by
slippage of the rods along their long axis. The origin of the non-~
linear effect observed for anOx > 1 with type iII behavior is not
understood, but must indicate that xfl has become comparable to or
larger than the longest time constants for motion in the oriented
nematic fluid.

c¢) Type II Behavior

The behavior in type II flow is more complicated, and may
involve an isotropic to menatic phase transition under the influence
of the flow field. Thus, the gradual decrease of uM at low x may
involve the creation and orientation of a nematic phase in addition
to any that may exist for the stagnant fluid. The data do not exhibit
any pronounced plateau, but an inflection is used to estimate a value
for nb to give the reduced plot shown in Fig. 17. Perhaps by happen-
stance, this plot coincides with the general reduced curve for type I
behavior for ﬂ5Ro” > 1. 1In future work, we will correlate the flow
birefringence with the rheological data to provide an assessment for

this model.
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Table 7

Rheological Parameters for Splutions of PRT-62A

Conc. Temp. uy RQ Te = noRG 1 Remarks
TC
60°c 0.6% % }.cé 1.06 x 1072 0.67 1.5 RG calculated
1.5 w4 45°¢ 1.25 x 107 Lo7x107| L33 | 0.75 from master
20% 3.20 x 10° L.h2 x 107 L. sk 0.22 curve
60°¢c 5.2 % mh 1.5 % 10'§ 78 1,28x13"2 % R
2.52 w4 23.5%| k.2 x 10° 1,25 x 1072 525 | 1.90%10™7 | experimental
4% 1.h x 1{}5 0.78 x 1077 1092 9.15:;1@"1‘“ data
R, extra-
80°%¢c 0.52 % mi 1.8 x 1072 93.6 | 1.07 % 1072 Egi-fff—?-.‘?f??
60°¢c 0.95 x 10 1.6 x 107 152 6.58 x 107
5.0 wi 10% 5 x 10° Lh x107| 420 | 2.38 x 10| T B e¥peri-
‘ 20%¢ 9 %10 1.2 x 10| 1080 9.26 x 10| mental data
10% 1.7 x10° 1.05 x 1070 | 1785 5.60 x 107
-1% 2.5 x10° 0.85 x 10| 2125 4.70 % 107"
60%c 3.0 x 19# 0.82 x 1072 | 246 1,06 x 107 .= n plateau
o b -3 -5 °
koc 6.5 =% 10 0,60 % 107~ 390 2.56 x 10 7= n plateau
2R ) a% | o35 x mi 10 x107| 350 | 2.85 x 107 pahn L 1ok
10% | k8 x10 0.78 x 10| 3% | 2.67 x 10| gDy _ o
0 | 3 -2 | -2
4,75 v 60" 2.2 x 135 1.8 = m'e 39.6 | 2.52 x 10’3 = %1ateau
20 6.0 % 10 2,1 x 107 126 7.9 x 10
6.11 w% 60°¢ 3.h x 10° 3 X 1072 102 'a x 107
‘ . ’ 7 %#nplatesu
. 60°¢ 3,0 % 10° Lo x10°| 120 |83 x107
2w 25,5% | 4.8 %10 b5 x107°| 216 | 4.6 x 107 Mo =3"p1ateau
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Figure 8 Plot showing the combinations of temperature and weight

fraction studied with solutions of PBT~-62. The symbols are
used in subsequent plots to designate a particular T, Vo
combination. The notations fﬂ and 1] indicate that the
fluid was isotropic or nematic at the corresponding T and
wo conditions. The approximate boundaries between type I,
IT and III flow regimes are indicated by the dashed lines.
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i 1
1074 1073 10”2 10~ 10° 10!

Figure 9 a) The viscosity 7y, versus shear rate for several PBT
solutions at 60 degrees C.

b) The recovery R, versus shear rate for several PBT solu-
tions at 60 degrees C.
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Figure 11 The viscosity versus temperature for PBT solution with the
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Figure 19 The rheological time constant Te = ﬂbRO or npRO versus v,

for PBT solutions at two temperatures.,
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5. MOLECULAR ORIENTATION OF ROD-LIKE MOLECULES

5.1 Review Of Models For Representing PBT Polymer Solution.

In previous discussion of flow induced orientation of rodlike
polymers, we have invoked the Bird dumbbell model for representation
of the chain in solution. This model suffers from two defects:

(i) the frictional resistances are concentrated at the two ends of the
rod, and (ii) the two beads are so far apart that the hydrodynamic
interaction between them is assumed to be‘aegligi%le.

The Kramers' method discussed above can be applied to a

model composed of shishkebab of N beads. All results are the same for

both models except the time constant Te for the latter is given by( 17)
2
myg AL N(¥1)
Te = ToRT (FCT) for a shishkebab (61)
instead of
}ﬁn%dLE
Tc = W fcr a d{;mbbell (62)

where Ng is the solvent viscosity, d the diameter of the beads and L
the length of the rod. (Note that Eqn. 61 reduces to Eqn. 62 if

N = 2 for a dumbbell model). The shishkebab model takes care of the
first defect but still assumes no hydrodynamic interaction among the
beads, which is far from a realistic model for a solution of the rigid
rodlike PBT polymer.

It came to our attention that in the treatment of a dilute



suspension of axisymmetric Brownian particles, Brenner(18-2o) had

shown that the rheological properties for such system for any homo-~
geneous flow, steady or not, can be expressed in terms of five
dimensionless fundamental material constants which depends only on
the shape of the suspended particles. For convenience we have listed
in Table 8 the values of these five constants for dumbbell, prolate
ellipsoid and circular cylinder in terms of their aspect ratio rp, in
the limit of large rp.

It has been shown that for a suspension of any axisymmetric
particles under steady elongational flow, the orientational distribution

(19)

function can be written as

P (0) = 1= exp (- sin 0) (65)

]

where J

1 22
/[ & az
0
and po= B;'L/Dr (64)

with % being the elongation rate and Dr the rotating diffusion constant

of the particle given by

D_ = kT/6 AR

63




in which V? is the volume of the particle and Kr is a geometric parameter
dependent only on r (cf. Table 8).
Equation (63) is identical to the result obtained for rigid

dumbbell reported previously if we put

T, = To5 (65)
Tr

remembering that B is very close to unity for long slender bodies,
It is thus evident that the single most important material parameter
governing the orientation of molecules in an elongational flow field
is D, or r_ as defined by Eqn. (65). Rigorous deviation of this

parameter has been worked out for models of ellipsoid, cylinder and

shishkebab of beads with hydrodynamic interactions by Perrin(21)
(22) (23)

2

Broersma and Yamakawa , respectively. 1In the limit of rP > 1,

their results reduce to

™% L5

fﬂ@igsﬁ Te T 30kT(o - 0.5) (66)
™ QSLB

ﬁiiiﬁ:) Te T 30kT(c - 1.02) (67)
ki ﬂSLZ)

and for shishkebab L SoRT(s = 55%8) (£8)

(Yamakawa)

in which ¢ Ej&erpf Equation (66) is identical to the result presented
in Table 8 for an ellipsoid. Equation (67) is considered to be more

reliable than that given in Table 8 for a cylinder since Broersma took




end effects into account in his calculation.

The fact that Te is only weakly dependent on the aspect ratio
rp (inversely proportional to [/n 2rp - const]) when rp is large, but
strongly dependent upon the length I (proportional to LB) suggests a
strong dependence on molecular length and length distribution for
molecular orientation since the parameter y = %? Tci enters the distri-
bution function §(9) exponentially.

Although the relations described in the preceding are
intended to serve as guides in formulating process conditions for PBO
and PBT, it should be recognized that the equations given were obtained
without consideration for intermolecular interactions. Consequently,
quantitative correlation of, for example, the molecular weight
dependence of Te between experiment and the relations given above would
not be expected. These relations may, however, prove helpful im
understanding and predicting effects in concentrated solutions.

5.2 Elongational viscosity n and the time constant .
(&

The elongational viscosity ﬁ as a function of elongation rate

i has been calculated to be

e
|

- 3 n, &% 4L2q, - 5 o (3F+1)s E(3Q2+Q3)(3F-1)/ug} (69)

where F(u)

é: [J-1] and ¢ is the volume fraction of polymer. At the

. . . 1 L
zero strain rate limit, &-1'% Fp) = 3 + i and

o= 3 mg[ 1+ #(5Q - & +2Q,)] (70)
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while at the high strain rate limit, &_f;% F(u) = 1 and the elongational

viscosity goes to the value
N, = 3 mgl1d(5Q - 5¢,)] (71)

In the case of a solution of circular cylinders, Eqn. (69), (70), and

(71) take the forms

2 2

- 5,4 1 T (3F+1) 1 T (3F -1)

n=3Mn {1+§ ¢ L5 "L (f’:rp-l.ﬁ-k?) "o p(ﬁﬂprp-i?.(}é} ]} (72)
_ 81‘?2
n, =3 1y {1 [2 + g o il (73)
_ 2rp2
N, =3 7 {Hé L2+ 9(en T - 1.557) ]} (74)

The change of elongational viscosity due to strain rate is small.

For example, for moderately concentrated or concentrated solutions,
-};J i}e = 1,58, 1.77 and 2.74 for rp = 103, 1&2 and 10 respectively.
This is similar to the value ;;w/ﬁc = 2 c¢ited above for non-interacting
dumbbells.

As the time constant Te plays an important role in the
orientation process, we would like to examine it in more detail. The
value of T, can usually be obtained from rheological measurements in
simple shear flow as the product of viscosity %% and recoverable
compliance RQ in the limit of zero shear rate (dominant Brownian

motion 1imit). We shall designate this value as Tc’:
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R
Y (75)

It has been shown that for a simple fluid(2h)
T T
22 - 11
R = lim —5 (76)

where T22 - T11 and T21 are the primary normal stress difference and
the shear stress respectively in a simple shear flow with shear rate .

For a solution of axisymmetric particles(lg)

Lin Ty = b5 - 020;)] (77)
and
. 22
}zino Tpp = Tqq = g nB % Kr/Dr (78)

Substitution of these into (75) and (77) yields

B @BK
T ’ = T
c T T0d, T(5q - 4#2Q) (79)
or
P BKI‘
Te T5Q - o,+20, Te (80)

for moderately concentrated or concentrated solution. The constants

in the front factor in Eqn. (69) can be found in Table 3.
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On the other hand for cylinders, which

better represent the PBT species, evaluation of the front factor results

y 0.464 »
=5 (‘ * b2, )"‘c (81)

Typical values of the front factors are 0.80, 0.85, 0.87 and 0.92 for
rp = o, 133, 102 and 101 respectively. Therefore, Tch as measured
from shear viscosity and recovery experiments slightly overestimate
(10-20%) the effective time constant Te that determines the angular
distribution function in elongational flow.

5.3 Effect of length distribution.

The actual molecular alignment in a fiber spinning operation
is a time dependent process instead of the idealized steady state
flow. For the situation of unsteady state Brenner has shown that the
stress relaxes exponentially, with time with the relaxation time

(19)

being . 2 To for stress relaxation after cessation of steady flow

3

If the solution is composed of rods with a distribution of lengths,
since Te Q,L3, the total stress will be dominated by the contribution
from the longer species, especially at long times. As an example,

the constant Toix 0f a mixture of equal fraction of two kinds of rods

=L and L. = % L is calculated to be

with length L o

1

Tmix ~ (§ 543‘."12)/ (T 4ymy) = 0-9my (82)

m
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not too far from the longer time constant 1
Since the material cannot be deformed faster than it responds,
the maximum attainable strain rate would be roughly bounded by Tmix-l
-1
(Hyan and Ballman have shown that the elongation rate x = Tt gﬁ%g
for an isothermal melt spinning of a Maxwell fluid(25). Although the
system under investigation is not exactly a Maxwell fluid, it seems
reasonable to assume that the maximum x is of the same order of magni-
tude of Tmix-l. Thus the attainable elongation rate x that can orient
the longer species with length L will not be able to orient the shorter
species with length %I. or shorter. For example, suppose we have
= L makes Tli'= 6 with the

Herman's orientation parameter h = 0.99 (orientable). Then for

achieved an elongation rate x which for L
L, = %I'l’ we have Tzi = 0.22 and h = 0.24 (hardly oriented). The

orientation effect rapidly decreases with decrease of the lengths of

the species in the solution,
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Table 8

Material Constants for Rod-like Models

Material Constants Eambbe11§ Prolate Ellipsoid Circular Cylinder
n
2 T
.= - P
B 1 1 ) 1-13%0 5
{shape factor) Tp Tp
2 2
K 2 T
T E fp p + 0.65]

{dimensionless rotary
time constant)

3{on r? + 0.193)

2r__ . p____
9 [Eﬂ rp + 0.307

1, g-éhEr 2
5 = 5 2 5
Q 5t
ez = 2.}-1'- o 2.5
2 2
3 r2 i rp . 2 i Erp
Q, 10 p 15(0n t, - 0.81y " 5 5{fn x, - 147}
2
2 p 3 2
% o 'p 100 ¥, + 0.193) To® %
. OkT 3kT{0n Erp - 0.5) 3kT(0n 2‘:? ~ 0.386)
B 31 L m 1L ™l

{rotatory diffusion cons. )

Where rp = 1/d

£ * € € %

Lo oo oo v«

. . aspect ratio

. . Length of dumbbell or cylinder, or
twice the semi-major axis of the

ellipsoid

. . diameter of the bead or the cylinder,
or twice the semi-minor axis of the

ellipsoid

¥ Dumbbell with non-interacting spheres.
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6. FLOW BIREFRINGENCE OF SOLUTIONS OF ROD-LIKE POLYMERS

An important aspect of the processing of rodlike polymers
into oriented solids is the orientation induced by flow. One is inter-
ested in the extent of this orientation and the "time constants" asso-
ciated with its development during flow and relaxation after cessation
of steady flow. In recent work in our laboratory, we have used the
rheological time constant Te = nORO to estimate the latter quantities,
and have assumed that orientation is substantial if the shear rate y
in flow is large enough that TN > ca; ;O. Flow birefringence measure-
ments offer a means for a more direct assessment of the degree of
orientation induced, and another means to estimate relaxation times
by application of the Maxwell optico-dynamical effect(27). In the
llowing, a flow birefringence apparatus constructed in our laboratory
is described, and preliminary data are reported for some PBT solutions.

6.1 Flow Birefringence Apparatus.

The schematic diagram of an instrument designed for optical
studies of flow induced orientation is given in Figure 20. A detail
of the solution chamber is shown in Figure 21f The device is designed
to subject a fluid to»shearing flow betweeﬁ glass pérallel plates. |
The induced orientation may be determinéd by examining the ligﬁt tréns-
mitted between crossed polaroids. With solutions of.the rodlike
polymers of interest here (PBO or PBT), it is not difficult to induce

a degree of orientation such that the extinction angle X is nearly zero

degrees, indicating a high degree of orientation of the rodlike chains




with their long axis parallel to the flow streamline. That is, if § is
the orientation angle between the rodlike chain axis and the streamline,
it is relatively easy to achieve a flow condition such that ) is nearly
zero, see below.

The apparatus is equipped with two light sources: 1) a He-Ne
laser, about 5 mw intensity, and 2) a Xe arc lamp. The latter provides
a source of parallel light to illuminate the entire area of the parallel
plates, This is convenient for qualitative flow visualization and
assessment of the extinction angle X, which provides a measure for .
The laser searcé can be used to determine the transmission T for
selected small (ca. 2 mm dia.) regions of the flow field, This can be
used to evaluate the retardation &, and hence the difference An

of the principal components n, and n, (nl > n2} of the refractive index

ellipsoid:

& =2mgAn /) (83)

(8 in radians) where g is the optical path length and )\ the wavelength
of the incident light. Thus, if the transmission is viewed between
crossed polaroids, with 7 the angle between the axis of the polarizer

and the unique axis (ni) of the refractive index ellipsoid,

si 23

T = ‘{1"2‘

POt

(1 - cos ky) (84)

Equation (84) describes the "extinction cross" visualized with a well

oriented fluid in flow, with the slow axis inclined at an angle § to
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the flow lines. This extinction cross results from the fourfold symmetry
in T as one traces around a flow line, with the result X = . For
example, suppose n, is oriented along the flow streamlines at angle J.
Consider a path traced out along a streamline through the azimuthal
angle ), measured with = O or m along the polarizer direction.

Then, 7 = § + Q+ m/2 and, the extinction bands will appear at azimuthal
angles corresponding to 7 = 0, n/2, m and 3n/2. The extinction angle

X is defined as the smallest value of {}. Maximum transmission occurs
with fourfold symmetry, for 7 = m/k, etc., with transmission equal to
sin?(8/2), providing a method to determine & if transmission measure-
ments are made quantitatively, see below.

A 1/h-wave plate is sometimes placed between the fluid and
the analyzer, oriented with its slow direction parallel to the electric
vector transmitted by the polarizer. With g the angle between the
polarizer and analyzer axes (B = ﬂ/2 for crossed polaroids), the trans-

mission is given by
T = cos B-+% sin?psindsin2y - L cos 2B sin® g (1 - cos 4vy) (85)

2

Of course, with g = 1/2, Eqn. (85) reduces to Eqn. (84). With
appropriate values of B, Eqn. (85) can exhibit twofold symmetry. For

example, for y = m/k or 5m/k,

1
Ty_n/u=%+§-cos (5 - 2p) (86)
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Consequently, if B is adjusted to the value ﬁm such that
‘I??: /h is zero, then & = m + 2p,, gives the retardation, and hence An,
Positive values of & indicate positive An, and negative values indicate
negative birefringence. This method for evaluating 5 may be applied
after the orientation angle ;,5 is determined by observation of the
extinction according to Eqn. (84) as described above, since the azimu-

thal angle ) required is just ﬂ/h « . It may be noted that for

& - 28 = m, Eqn. (85) reduces to

cos 3(1 - 523227) - %—[sine 58in2 5+ cos® Ssing,ey] (87)

PO

Tg,g B=1 = % +
Equation (87) exhibits twofold symmetry, with extinction for y = m/b

and 57/4, and maximum transmission T = 1/2 for y = 3n/k and 7m/4. TUse
of Eqn. (86) provides a method for determining & without quantitative
transmigsion measurements. Other methods, based on photoelectric
determination of T, have been proposed based on Eqn. (85). These

have the advantage of greater sensitivity and resolution, One procedure,

(28)

due to Zimm, is readily adaptable with our apparatus, and may be
used if needed in future work.

In the method currently used with the flow birefrigence
apparatus, the average orientation angle () is evaluated by visual
determination of % for the fourfold extinction predicted by Eqn., (85)
for Eqn. (84)7] for B = m/2. Since this occurs for y = 0, 1/2, etc.,
and y = ) + Q, evaluation of Qe gives (P) directly. If ) is not

independent of shear rate, yx, then the extinction will not occur at

the same Q) for all radii, since x = wr/g increases with increasing r,
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Under these circumstances the "extinction cross" will be deformed. The
average birefringence {An) at any r is evaluated either by measurement
of the transmission between crossed polaroids at a particular r with

y = n/k, or by the use of the 1/k-wave plate and visual determination
of B for use to determine & with Eqn. (86).

In addition to the values of () and{An) in steady-state flow,
the transmission through crossed polaroids at some particular r and {)
is monitored following cessation of flow. According to Eqn. (84), the
transmission will change as Anand y change, both of these being
dependent on the distribution of the orientation angle . If the
quiescent fluid is isotropic, T will decrease to zero over the entire
illuminated field, and it is convenient to monitor T as a function or
r for the () for which ¥ was n/h for the oriented fluid in flow. For
this case, T will decrease from (sin 6/2)2 to zero as a function of
time. Conversely, if the quiscent fluid is nematic, T will increase
to some constant value over the entire illuminated field, and it is
convenient to monitor T as a function of r for the {) for which y was O
for the oriented fluid in flow. For this case, T will increase from
zero to the value for the uniform fluid. The transmission is monitored
with a photodiode place to receive the transmitted light from an
aperture over the upper plate. The aperture serves to define r and
Q. The light is chopped at 400 Hz, and the photodiode current is
dropped across a resistor to produce a 400 Hz modulated voltage. The
latter is monitored with a voltmeter tuned to 400 Hz (a Hewlett-Packard

Wave Analyzer, Model 302A).
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The range of rotational velocity w covered with the present
instrument is from IO‘k to about 1 radian per second. The rotational
velocity is varied by control of the speed of a high-torque servomotor.
The shear rate 3 = gr/g depends on the plate separation 4 and the
radius r. The former is usually in the range 0.002 < 4 < 0.1 cm,
and the plate radius is 1.8 cm. Consequently, the observable range
of x is 2 x 10'k < %< 103 sec'l.

6.2 Results

The flow birefringence behavior of several solutions of PBT
in methane sulfonic acid has been observed. These include nematic
solutions as well as one isotropic solution at a concentration (and
temperature) near the phase boundary, see Table 9. These have been
observed for ¥ down to about 10-3 sec'l, In every case, a well defined
extinction cross was observed between crossed polaroids, giving (§) = O,
even for the lowest ¥ used. This result indicates that the disorient-
ing effect of Brownian motion is quite small, or that the ratio x/BR
must be very large, where BR is the rotational diffusion constant of
the solute (at the concentration used). Even though () was zero for
the entire range of x studied, Q&n}dié reveal the effects of increased
orientation with increasing w. Thus, the transmission increased with
increasing %, showing the increase of 3, and hence An, with increasing
% as £(y)) becomes more sharply peaked about the mean value ().

According to Eqn. (84), T should be zero for all y when

& = 2m, orAn= )\ 4. This condition corresponds to a circular dark

interference ring. Since no such ring was observed with the isotropic
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solution of PBT-53 in CSA (Wé = 0.019), it appears that An/1 < ca. 0.006
for that solution. Application of Eqn. (86) permits estimation of the
variation of An with % With isotropic solutioms, for fixed w, & was
observed to increase with increasing r, revealing the increase of An
with increasing x for the isotropic fluid. An attempt was made to
determine 3 for the same solution by transmission measurements through
application of Eqn. (84) for y = m/k. The transmission was estimated
from measurements of the photodiode response Gn with B = ﬂ/2 for w > 0,
and G, with B = /2 - o for the quiescent fluid (w = 0). Then, neglect-
ing dichroic effects, preferential photodiode response to light of one

polarization, etc., T is given by

T = sin“(8/2) (88)
G
af sino8 = sin2(5/2) (89)

the latter equality coming from Eqn. (84). Application of Eqn. (88)
resulted in a value of 3 = 1.5 rad., orAn of 0.0003 for the isotropic
solution in one steady-state flow with an isotropic solution with

¢ = 0.02.

The steady-state transmission was observed for the nematic
fluids listed in Table 9. These fluids exhibited a zero degree
extinction cross at steady-state, with the cross requiring a longer
time to develop as the polymer concentration was increased.

Transmission measurements have also been used to follow
orientation relaxation after cessation of steady-state flow. As

mentioned above, relaxation was observed for y = 0 for nematic fluids.
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These relaxation times ranged from 30 to 600 s for the fluids studied,
see Table 9. During the relaxation, the extinction cross broadens and
becomes diffuse, but remains oriented at zero degrees,

6.3 Discussion

1 1
gy = jﬁ;f(;@}dcas q;fj f(V¥)dcos ¢
1 9 (90)
1 1
(An) = {&ﬁ‘kf(i}f)dﬁﬂs Vv f f(y)dcos ¢ (91)
- -1

Of course,An ) depends on both optical and hydrodynamical parameters,

e.g., the intrinsic refractive index difference n,-n, of the rodlike solute
olute (with cylindrical symmetry of the polarizability tensor), the

form birefringence, which for rigid molecules involves differences

between the refractive index n, of the solvent and each n, and n, and

the orientation angle ), the latter being controlled by hydrodynamics

and diffusion. For an orientation with axial symmetry about the

preferred direction, fﬁn#} is given by

2
2x -
aneo= 0 5(8,-8,) Jcos_ il CGSZ 1]
s ,

\ (92)
where ¢ is the volume fraction of polymer, and
2 2

nj_ - ns (93)

by g,

i 2

L (o - D) fon
D s i s
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Here, L, is a form factor, with L, = O and L, = 2m for rods, With

1

neglect of second-order terms, g.~g. is approximately given by the
» 8178 PP

relation

no

1T ~ .

oy (g,-85) ¥ ny = my + (Ly-L;)(ny-n,)(ny-n ) /Umn (94)
the second term accounting for the form birefringence, with the form
factor L2-L1 = 2m for rodlike molecule.

The 8 also appear in optical properties such as the refractive

index increment dn/dc and the overall anisotropy 5 measured by light

scattering (not to be confused with the retardation 3):

gg=§<g1+eg2>§§ (95)
81~ &
g = gl +2332 (96)

where v is the partial specific volume of polymer. In terms of these

parameters,

2 -
s, = cp(B/G)g(dn/dc)P—ﬁgs—z—L—l]

w - (97)

If the orientation exhibits two-fold symmetry in the plane of the
parallel plates, then the factor (3 cos® $ - 1)/2 should be replaced by

2 cos2 p-1. In the following, we will consider only the axially

79




symmetric case since this probably obtains in the parallel plate geometry
of interest here when orientation is nearly along the flow lines,

With the use of Eqn. (97),{An) is given in terms of (c:r;s2 Py

{pny = &nm(3(c032 ¢) -1)/2 (98)

where An = @K, with constant K = (Eﬁ/ns)(gl-gE), depends only on
intrinsic properties of the solute (and solvent) and not on % Thus,
the flow birefringence experiment provides information on f£( ;‘g} through
{Y) and (case P ). Both of these measurable parameters should depend
on the ratio of the rate of strain x to the effective rotational
diffusion constant D, with £(})) becoming more sharply peaked about

= ¢ as D. increases, For example, with steady-state elongational
?@ R Tp x

flow with shear rate x, the orientational distribution is given by the
relation(1b)

15 = ., 2
£ }ff(G} = exp -5 T ¥ sin 'if] i
¢ -7 (99)

Note, that with this £(§), () is equal to zero for any x, but the
span of the distribution of ) increases with decreasing % Values of

(Any/An , equal to (3(::032 P> - 1)/2 calculated with this £(y) are

given by

80



_]
=l

= O O
= O
|._I

10

These data reveal the very rapid increase in the orientation that

(An>ﬁﬁnm
=(3{cos® ¥y -1)/2

0.0004
0.0356
0.653
0.961
0.984
1

obtains for values of Tci near unity.

It is sometimes convenient to expand f(¢) in terms of Lengdre

Polynomials Pz(x), with x = cos :

£

<P0>
<P2>

®,)

etc.

=

Ejasz(cos "
J/

even

29 + 1

(3(cos® ) - 1)/2

(35¢cos™ ¥ - 30(cos? ¥3 +3)/8

(100)

(101)

(101)

(101)

(101)

The order parameters <P£> then contain the dependence of

£(y) on shear rate, etc. If £(y) is sharply peaked around y = O, then

it may be possible to represent f(y) with only the first few terms in

the expansion. Calculation with Eqn. (99) shows that several terms are
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needed in Eqn. (100) to reproduce £(), even for tx as large as 25.

The most striking result observed with the flow birefringence
experiments is the observation that (p) is essentially zero for all
of the steady-state flows studied. This result shows that x/DR is
large for all of the cases encountered so far. This is not too sur-
prising since the substantial restrictions to rotational diffusion of
the rodlike soiate inherent for sclutions near or over the critical
concentration for formation of the nematic phase, render DR small,

The observations {An) show that even though ¥/ D, is large
enough to give a zero degree average orientation of the chains to the
flow direction, the values of x/ BR are not necessarily large enough to
force <P2> to its limiting value of unity, 1If the observed values of
8= 0.5, dn/dc = 0.5 ml/g, and v = 0.67 ml/g are used to estimate K by
use of Eqns. (95), (96) and (98), then An = 0.02, and the value of
{An) = 0.0003 observed with a solution with x ~ 0.1 would give (By) =
(5{{:{)32;;3) - 1)/2 equal to 0.015, This would appear to be a reasonable
magnitude based on the product of x» and the observed "relaxation time"
TR of TR ~ 3. 1In fact, however, the estimate for An is still too
crude to be reliable. 1In future work {(An) will be determined as a
function of » over a range wide enough to permit a reasonable assessment
of {(Any/An_, and hence (cesgzj))‘

As mentioned above, relaxation of the orientation induced in
steady-state flow has been monitored by the change in the transmission
through the use of Eqn. (84). The average transmission at radius r and

azimuthal angle is




1

-,}- [ sin2 %[1-4 cos(P+Q)]1£(¢)d cos ¥
(T) = -t T
j f(y)d cos ¢ (102)
-1

where

& = 2mupin /A

\J

In the relaxation experiments with fluids that are isotropic in the rest
state, Q= m/4 - <$>ss and (T) decreases with increasing time following
cessation of flow., With fluids nematic in the rest state, Q= ($)ss and
(T) increases with increasing time following cessation of flow., Here
<$>ss is the value of () during steady-state flow. It is evident from
Eqn. (102) that the measured quantity (T) is related to £(y) in a
rather complicated way.

Relaxation of An , « (3 cos® §~1)/2 appearing in Eqn. (2-18)

has been discussed by Doi ang Edwards}5 for rod-like molecules in concen-
trations well below the nematic range. For such concentrations, these
authors find that (3(cos2 P - 1)/2 relaxes first rapidly with the time

6 measured from cessation of flow, and then more slowly, the latter
relaxation following the relation

(3<cos2 w)e—l)/2 = eXP("S/Tc) (103)

-1 . .
where T, is (6DR) , or the quantity MR used in our previous

discussion of rheological behavior. For small 6, the alignment induced

in flow acts to reduce interchain contacts, thereby enhancing rotational
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relaxation. To treat this relaxation, the authors assume that f({,8) has

a Gaussian form

, 2
£(0,0) = Dxe@)] ! exp (- E2SY) (10%)

with ¥ small enough so that sin ¢ ~ {. The similarity to Egn. (26)

may be noted. The function g(8) is found to be

1/2
g(® = [2a08 + g1 (105)
where o is a numerical factor evaluated to be 1/3, and
E,0) = exp (- ) (106)
’ P\ 250

serves to evaluate g(0). These relations lead to an initial relaxation
(3{c052 ﬁ>a-1)f2 = exp [-3g(8)/2] (107)

that exceeds then the relaxation rate at larger ©.

The data presently available are not sufficiently precise to assess
the nature of the function (3(c052 @}e-1f2. It has been found that (y)
does not change during relaxation, and that (T) decays more-or-less

exponentially. The former result is reasonable, since there is no reason



for any new preferential orientation to develop during relaxation of

f(}) to the rest distribution.
At this stage, rather than attempting to extract information on
2 . . . .

{cos” {§) from (T), we have defined an operational relaxation time r

R

such that <T>6=T = 0,02 <T>0 for fluids isotropic at rest, or

R
(T) __ =0.02 {T) for fluids nematic at rest. Entries of rt_ given

in Table 9 show that TR is similar to Te for the fluids studied.
This is in accord with our previous suggestions that the orientation
induced in flow should be expected to relax in a time comparable to

the rheological time constant Tor In future work, the dependence of

(T) on & will be examined in more detail.
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Table 9

Flow Birefringence Data Obtained with Some Solutions of Rodlike Polymers

Temp. ) (a)
Polymer Solvents ) (°c) Phase (deg) Remarks
PBT-53 CsA 0.0224 23 180 0 TR ~ 30-40 s

(Ay ca 3 x 1074
for x ca 0.1 s‘I

" " 0.029 ko 150 0
" " " 23 NEM 0

PRT-62 MSA 0.0343 55 IS0 0 g ~ 170 85 1¢ =
" " " k1 180 0 T ~ 380 85 T, =
" n " 23 NEM TR ~ 660 85 T, =
" MSA 0.06.4 23 NEM o} Extinction cross

to form

300 s
300 8
400 s

slow

(a) TR is the relaxation time for decay of birefringence on cessation of steady-
state flow; TR is defined as the time required for the transmission to decrease
to 2% of its steady-state value for the isotropic fluids. The entry for the

nematic filuid is an estimate based on visual observations of the time for the

extinction cress to vanish.

T, is the rheological time constant g R..
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Figure 20 Overall schematic diagram of the flow birefringence
apparatus,
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7., FIBER FORMATION BY SOLUTION PROCESSING

As emphasized above, the study of the fiber formation process
affords a valuable means to assess methods to induce molecular orienta-
tion in solution processing, and a means td obtain oriented solid
samples to permit the correlation of strength and modulus with molecular
orientation. 1In preceding work(l), we initiated study of the wet-spin
fiber formation process with PBO solution. 1In this study, we have
pursued that topic, and expanded the study to induce dry-jet-wet spin
fiber formation with solutions of both PBO and PBT. ' The following is
divided into subsections dealing with wet-spin fiber formation with
PBO, dry-jet-wet spin fiber formation of PBO, and dry-jet-wet spin
fiber formation of PBT. These are accompanied by some remarks on the

properties of the fibers prepared under various conditions.

7.1 Fiber Formation with PBO solutions

7.1.1 Solubility of PBO

The limited solubility of PBO in methane sulfonic acid hés been
a potentially serious concern. Attempts to achieve PBO concentrations
in excess of ca. 9% (by weight) have nearly uniformly met with failure,
the resultant mixture containing a substantial fraction of greenish
aggregated component. In work with chlorosulfonic acid it was noted
1) that the greenish aggregated component was suppressed and 2) that
considerable hydrogen chloride was generated over a long period of

time during the dissolution process, Since HCl is a product of the

hydrolysis of CISOBH:




61803H + HEG ad HSG&H + HCL

the latter observation indicated the presence of water in the vacuum
dried PBO or contamination by water during the dissolution process.
The latter possibility is discounted since the solution was prepared
in a well-sealed ampoule. Unfortunately, 618653 is itself not a candi-
date as a solvent for fiber spinning since the HCl that would be
evolved during coagulation could lead to the formation of voids in the
fiber. It is possible, however, to use 61393 to scavange water in
solutions prepared with CH38G33 and the PBO. Thus, the weight change
due to HCl evolution can be used to determine the amount of water in
6558953 (or PBO solutions in CH§SOEH). Experiments with CH3SG§H
available at CMU and Celanese gave the results in Table 10, showing
small quantities of water in each. The water concentration in a

wlution prepared using a PBO dried at the Celanese laboratory and the

CE3SGEH from CMU are alsc given in Table 10.

TABLE 10

Water Content of CHxS0OzH and a PBO
Solution in C 35333

%140
Material (By Weight)

CH3SG§H from CMU 0.12
CHBSﬁgifrem Celanese 0.16
?BG/CH§SGBH from CMU; 8.5% polymer 0.26
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The analysis with the acids was as follows: let x be the
initial weight of water in weight W of wet CH3803H' Then the weight

loss Awo due to the addition of LAY weight of C1SO_H will be AW0=

p)
(36.5/18)x, it being assumed that excess Cl1SO_H is present, 1If,

3
during the period required for all of the water initially present to
react additional water is absorbed (e.g., during the period the HCl is
vented to the atmosphere), then a weight loss Aw' will also occur,
leading to a total weight change AWT . When sufficient additional
water has been abosrbed to use up all of the ClSOBH added, the sample
will cease to lose weight, and will begin to gain weight as additional

water is added from the atmosphere., At this point, the weight change

Awp will reach a minimum (AWT)MIN’ and

(v oy = Aw® + Aw!
_ 36. 18.5 116.5
STI8 T 1185 YA~ T8 ¥
) 18.5
or x = (Awp)yy - 116.5 YA

Thus x can be calculated, independent of the effects of extraneous
moisture absorption, giving the values in Table 10.

An attempt was also made to determine the moisture concentra-
tion in wet CH3SO3H by measurement of the conductivity x. Although the
results on CH3SOBH were in qualitative agreement with those listed in

Table 10, the conductivity determination is not as accurate as the




gravimetric measurement owing to the low value of d x/dx in the concen-
tration range of interest,

If allowance is made for the water in the solvent, then the
data on the PBO solution indicate about one mole of water per mole of
PBO repeat residue. More significantly, with the addition of the
small amount of CESO3H required to react with the water, the greenish
aggregate component disappeared and the solution took on the deep
purple coloration observed with 01503H solutions. We conclude that a
small amount of water is held tenaciously by the polymer, and that this
water has a deleterious effect on the solubility of the polymer in
concentrated solutions, probably by prohibiting the dissolution
process~-~it seems likely that the same amount of water could be tolerated
by a solution once dissolution was complete, It is suggested that it
may be essential to scavange extraneous water during dissolution of
PBO to achieve homogeneous solutions with polymer concentrations in
excess of about &. The use of 018053 may be one way to achieve this
objective, Preliminary results at the Celanese laboratory suggest
that the use of a slight excess of SO, in HSO, may be another way.

3 3
7.1.2 Fiber Wet-Spin Process

Solutions of PBO in 8335033 in the concentration range 8-%
polymer are observed to be biphasic at room temperature, exhibiting both
ordered and disordered regions. Since the solutions are thermotropic,
they may be converted to fully ordered solutions by lowering the
temperature. Fibers have been prepared at CMU with both biphasic

solutions at room temperature and with full ordered solutions in the
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temperature range O-SOC.

Before discussing the fiber spinning results, it is convenient
to consider an experiment in which a solution of PBO in CHBSO3H (8.0%
polymer by weight) was examined on the stage of a polarizing microscope
as the temperature was varied from -2 to 120°c. During preparation,
the temperature of the solution was alternated between O and 80°¢C to
achieve more efficient dissolution~-the lower temperature resulted in
a reduced viscosity for the biphasic solution, and hence increasing
mixing efficiency, whereas the higher temperature enhanced the dissolu-
tion process. Dissolution was effected in a sealed cell using a close
fitting magnetic stirring bar for agitation. A portion of the solution
was placed between cover slips in a special holder, protected from
contamination by moisture by a mineral oil.

When first examined, the solution was biphasic (about 1/k
ordered phase by volume) and did not contain any obviously aggregated
component. As the temperature was slowly (about 15°C/hr) increased
to 120°C the ordered phase dissappeared, so that the solution was com-
pletely optically isotropic at 120°C. On cooling to 25°C (about 20°C/hr),
the sample returned to the biphasic state, but the fraction of ordered
component was initially somewhat less than originally observed at
25°c. The fraction of the ordered component increased with time,
returning to the original level after storage overnight at 25°C. The
solution could be converted to a fully nematic structure by cooling to
15°C, and would return to the biphasic state immediately on heating to

25°¢,
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Solutions of PBO (received from AFML) were prepared in
CEBSGBH, The former was used to prepare solutions with 8% and 9%
polymer by weight., The solutions were deep blue in color.

Fibers were prepared using the bench scale apparatus des-

(1)

cribed in previous reports. Water was used as the coagulant and

the fibers were prepared at spinning rates in the range 0.5 to 8 cm/sec
(see Table10). The as spun fibers exhibited a metallic blue hue

under normal daylight,

A summary of fibers spun at the CMU and Celanese Laboratories
is given in Table 10. Fibers have now been prepared from isotropic,
biphasic and completely nematic solutions, and a variety of post
treatments have been examined. The best as spun properties were obtained
with a fiber prepared from a completely nematic solution exhibiting no
gel or insoluble component (Fiber 10174), The x-ray diffraction pattern
from the fiber showed diffuse equatorial arcing (see Fig, 22) and the
scanning electron micrograph showed a convoluted surface with a smooth
skin (see Fig. 22a and 22b). When scratched along its length, the
fiber revealed a fibrillar structure, as shown in Fig. 23b.

As expected, the properties of the as spun fiber prepared
with the nematic solution were superior to those from the biphasic
solution. The latter produced better as spun fibers than the isotropic
solution--compare properties for fibers 10174 (mnematic), 09273 (biphasic)
and 12010 (isotropic) in Table 10. The x-ray diffraction pattern for
fiber 12010 prepared with the isotropic solution shows very little

orientation (see Fig. 24). It may be noted that fibers prepared at
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CMU and Celanese under similar conditions exhibit very similar proper-
ties: compare fibers 09273 and 36085-153%, 04297 and 36085-162 and
09273-H2 and 36085-153H, for example.

The as-spun properties of fibers prepared with solution
containing 9% PBO were inferior to those prepared with 8% solution, even
though the former was nematic at room temperature. The difficulty is
undoubtedly due to the presence of gel and undissolved material in the
% solution--the latter components were evident on microscopic examina-
tion of the 9% solution. The x-ray diffraction pattern of the fiber
showed no arcing (see Fig. 25a) indicating the lack of orientation
evidenced by the low modulus of the as spun fiber, and the surface
revealed a mottled, textured surface as shown in Fig., 25b. The fracture
surface shown in Fig. 25b reveals a lack of the fibrillar structure
seen with more well-oriented fibers (e.g., see Fig. 23b).

The properties of the as-spun fibers can be improved consider-
ably by drawing at an elevated temperature. Stress-strain data for a
fiber prepared from an isotropic solution are given in Fig. 26 for the
as spun fiber (fiber number 12010) and the fiber after drawing to 17¢
at 400°¢ (fiber number 12010 H5). The drawing also increased the
sharpness of the equatorial arcs somewhat. The effects of post spinning
treatment are also beneficial with fibers prepared with biphasic
solutions. The fibers with the highest modulus and tenacity so far
obtained with PBO were so treated. For example, a modulus of 540 g/d

about 7.3 x 1010 N/M? or 1.1 x 10 psi) was obtained with fiber 09273H2,

with the stress-strain behavior shown in Fig. 5, and a tenacity of k& g/d




(or ultimate strengths of about 5.4 x 108 N/M? or 8.0 x 1(}1‘L psi) was
obtained with fiber 36085-153H. The x~-ray diffraction pattern of
fiber 09273H2 shows a sharpening of the equatorial arcs, accompanying
the improved properties (compared Figs. 23a and 23b). The exterior of
the fiber was similar to that shown in Fig. 23 a for fiber 10174 exhi-
biting a convoluted texture with a smooth skin., When fractured at
liquid nitrogen temperature by bending, the heat treated fiber 0927312
displayed a very brittle fracture surface as shown in Fig., 27b. Frac-
ture of the as-spun fiber 09273 appeared to be somewhat less brittle,
as may be seen in Fig., 27a.

Attempts to improve the properties of the fiber spun from
the 9% solution containing gel particles gave results similar to those
obtained with the fiber prepared from the isotropic solution, as may
be seen in Table 23 and Fig. 28. It is apparent that superior proper-
ties will only be obtained on post treatment if the as spun fiber is
itself well oriented.

The results discussed above show the necessity of obtaining
a substantial degree of orientation in the as spun fiber for the
attainment of superior properties in the final fiber., The data show
that the degree of orientation in the as spun fiber increases as the
spinning solution is made nematic, but also reveal that a solubility
1imit is apparently reached with PBO in CH380§H at a concentration
somewhat less than 9% by weight. It appears that this solubility
limit may be alleviated somewhat by the use of a water scavanger such
as C1SO_H. The best properties realized to date have come with a

3

fiber prepared from a biphasic solution. The modulus and tenacity
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of 540 and 4 g/d, respectively, are still below the target figures of
1000 and 20 g/d. Attention is now being focused on post spinning
treatment of the fiber prepared with the nematic solution and the
preparation of nematic solutions containing higher polymer concentrations.
Since the as spun properties of the fiber prepared with the nematic
solution are superior to those of the fiber mentioned above prepared

with a biphasic solution, post spinning treatment of fibers prepared

with nematic solutions should bring us closer to the target modulus

and tenacity figures.

In wet spinning experiments at the Celanese Laboratory, a
series of experiments were directed toward the effect of the coagula-
tion bath on the properties of PBO fiber spun from solution in a
methane sulfonic acid/chlorosulfonic acid solvent (97.5/2.5 percent
by weight). The effect of methane sulfonic acid concentration in
the aqueous coagulation bath was examined over the range O to 90
percent acid. Wet-spun fibers were examined by electron microscopy
for void and surface smoothness. It was found that a coagulation bath
with 30 percent acid in water produced wet-spun fibers with the least
void fraction and the smoothest surface. A fiber spun from a solution

with 8.6 percent PBO (I.V. of 2.78 d1/g) showed good properties:

As-spun L1k g/d tenacity
1.37 ¢ elongation at break
502 g/d modulus
5.26 denier per filament

After drawing 1% at 425°C the properties improved, giving




Drawn: 4.8 g/d tenacity

0.7 % elongation at break
711 g/d modulus
4.8 denier per filament

The x-ray diffraction pattern of the heat drawn fiber showed signifi-
cantly more orientation than with previous fibers of PBO.

Although the modulus is in the target range for PBO, the
tenacity is still lower than our goal. It is hoped that improved
orientation will be obtained with dry-jet wet spinning, as discussed
elsewhere, in this report, and that this will lead to increased
tenacity. However, it must be recognized that the tenacity may be
limited by the limited solubility of PBO and/or the low molecular
weights of the polymers so far available, The latter problem has
been addressed at Celanese by attempts to gain increased molecular
‘weight using terephthaloyldichloride as a replacement for tereph-
thalic acid in the polymerization of PBO. Polymers prepared with
this revision appear fibrous when precipitated in methanol, in
contrast ‘to the PBO prepared by the original procedure. Indeed, the
fiber described above was prepared with polymer synthesized by the
revised procedure. Synthetic efforts to prepare higher molecular
weight polymers continue.

7.1.3  Dry-Jet-Wet-Spinning Of PBO Solution

(1)

It was reported previously that with Kevlar solution,
fibers could be dry-jet-wet spun easily whereas with PBO solutions, the
fiber constantly ruptured in the dry jet region, failing to form a

continuous filament, Now we have succeeded in dry-jet-wet spinning an

8.98% PBO solution to form continuous fibers with reasonable tensile
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properties.

The PBO solution was prepared with PB0-25613-37 (L.V. = 2.3,
furnished by Celanese Research Co.) using a mixed solvent of methane-
sulfonic acid (MSA) containing 2.5% by weight chlorosulfonic acid
(CSA). Standard dissolution process was followed, cycling the stirred
solution between 0°C and 70°C. With a weak stirring magnet, it took
about one week to complete the dissolution process., Under micro-~
scopic observation, the solution was completely nematic, and was
highly stir-opalascent at room temperature., Dry-jet-wet spinning
was accomplished at room temperature with Spinning Apparatus D(e)
with a vertical jet by gradually raising the glass needle above the
coagulant (water) surface., No filament advancing roller pairs were
used, The dry jet length x was approximately 0.7 cm. The solution
was extended from the orifice of a glass needle with inner diameter
DO = 160 p at a speed VO of approximately 3 cm sec-l. The take-up
speed V., was varied stepwise from 8.15 to 14.8 cm sec-l, resulting
in fibers of five different sizes and properties, Results are listed
in Table 11. Besides the size S, tenacity T, initial modulus EO and
elongations at break €y, we also include in the table the values of
Teb1/2 and Eoeb1/2 for estimation of the superiority of tensile
properties. The former quantity Teb1/2 was used by Rosenthal(29)
and was referred to as the Tensile index., On the other hand Black(so)

0.58

used an empirical relationship of Eoeb = 1000 gpd as an indicator
for super fibers. We found it more convenient to simply use the

function Eoeb1/2 for correlating the data. It can be seen that, in
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general, the higher the take-up speed VT’ the better the resulting
fiber, Also it should be noted that, in contrast to wet spinning, a
much higher take-up speed and draw ratio could be achieved in dry-jet-
wet spinning. Detailed analysis of the process will be given in the
following, including suggestions for development to permit further
improvements,

In the analysis of the experimental data presented in

Table 11, the average cross-sectional area Ad of the dried fiber will

be calculated from

Ay =Tk S 2) (108)

the average radius of the dried fiber is then

Ry = 4.85 /5 () (109)
with the density p = 1.5 gn cm-i.
Assuming complete solvent exchange in the coagulation bath
and complete drying of the fiber on the take-up device, a mass

balance yields

AV, = AdVT/:p (110)

where VT is the take-up speed and ¢ is the volume fraction of the

polymer in the solution. Furthermore if the fiber contracted isotro-

(1e)

pically as demonstrated previously , the jet speed at quench can be
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evaluated as

v, = VT@'1/5 (111)

The validity of these assumptions may be checked by in situ telescopic
photography.

Based on the above, alignment conditions to induce molecular

orientation are calculated for the fibers spun and are listed in Table 11,
The residence times tl- tO do not vary much among the five fibers since
the dry jet length remains the same. 1In Figure 29, the modulus index
Eoebl/2 is plotted against the total elongational residence Re and
the time average elongation rate (i)t. It increases rapidly with
Re or (i)t. This is consistent with the picture described in section
3 that the degree of molecular alignment increases with elongation
rate. As molecular aligmment is perfected, the tensile properties of
the fiber will be improved significantly. A naive projection of the
modulus index to a value of 1000 (super fiber value) in Figure 29
results in Re = 3 or (i)t = 25 sec™ L.

As stated in section 3, in a steady elongation flow, the

Herman parameter h becomes 0.99 when Tci = 6. Replacing x with

(i}t, we may approximately define an alignment condition for (i)t:

(0, = &/, (112)

Sufficient time t' must be allowed for the rodlike molecules
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or the nematic regions to align under the elongational flow from their
original random configurations., This leads to the condition for
residence time

t, -t =z7'

Combining Eqna. (112) and (113), the required total elonga-

tional residence is therefore
¥
Re = 67 /qc (114)

in consistent with the condition suggested experimentally, provided
that +' and Te are the same order of magnitude.

In order to elucidate the nature of the dry jet alignment
criteria suggested above (Re, <§>t’ t) -ty and B), it is revealing
to examine the effect of the experimental variables (RG’ Vor Voo X,

n and @) on such alignment criteria:

a) Effect of Re

According to Eqn. (12), Re is proportional to 2 InR,, or
(&ivi - ﬁgva}, A natural way to increase Re will be to increase the

capillary radius R, the take-up speed ?T or to decrease the initial

G’
speed VO' It will be shown, however, that we cannot increase VT or
decrease Vg indefinately without breaking the jet,

b) Effect of (x),

Reduced elongation rate (}}t ‘7 Ro/a'is plotted logarithmically
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against the ratio RO/R1 for various reduced dry-jet~length (x1 - xo)/b
in Figure 30. The values are numerically calculated with Eqns. (11)
and (12) after the values of a has been determined with Eqn. (18) (see
below). It can be seen that a power relationship slightly greater
than unity exists between (i)t and RO/RI'

c) Effect of (tl - to)

Reduced residence time (t1 - to)/(ﬁ Ro/a) is plotted against
the reduced dry-jet length (x; - x,)/b for various values of RO/R1
in Figure 31. At low‘dry- jet length and especially high RO/R1 ratio,
(t1 - to) increases only slowly with (x1 - xo). On the other hand, at
the high dry-jet length limit, (t1 - to) increases linearly with

X, - X as suggested by Eqn. (24b).
1 o’

d) Effect of 8

The spinnable condition Eqn. (39) dictates that the value of

p be sufficiently small. In Figure 32, p is plotted against (x1 - xo)/b
for various values of RO/R1 according to Eqn. (18). Here it can be

seen that an increase of‘x1 - X, will increase the value of B and

eventually leads to breakage of the jet. Less apparent is the effect

of increasing the take-up speed V_ which effectively increases the

T

ratio RO/R1 with2RO fixed. Such an increase will result in a decrease
3
0

of (1 - T g%) , the right hand side of Eqn. (39), more rapid than
0

the decrease of B as indicated in Figure 32, and again leads towards

the breakage condition. To decrease B, we have the option of increas-

ing R.O (with R1 fixed) again, or increasing the parameter b which is

proportional to the viscosity ﬁ , the initial radius RO’ the initial
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velocity VG and inversely proportional to the surface tension Q.

Besides increasing the viscosity of the solution, which is
fixed by the concentration and temperature, two approaches may be
adopted to circumvent the problem of jet breakage as we increase Re,

In the first one, we have devised a spinneret with large R@’ surrounded
with a dry nitrogen sleeve. The nitrogen sleeve will prevent the large
slow jet near the tip of the spinneret £from premature coagulation by
the surrounding moisture. An increase of VO can also diminish the

value of B, but it also diminishes the residence time (t1 -t On

G)'
the other hand, for a scaled-up process, this is advantageous as it
speeds up the overall operation and should be born in mind. The second
approach is similar in apparatus design, except we replace the nitrogen
gas with a stationary inert liquid, such as polyphospheric acid. The
advantage is of two-fold: (1) the liquid-air surface tension is
replaced by a liquid-liquid one, thus lowering o; (2) the perturbation
growth factor v is also diminished according to Eqn. (33c) and (33d),
thus improving the spinnability of the jet. However, this modification
introduces complications in the analysis of data. On the one hand, as
R, is increased, the total weight of the jet is increased making F

0

no longer negligible. A preliminary treatment of the equations is

grav

given in Appendix I. On the other hand, if B is made sufficiently
small so that the effect of surface tension is negligible, a new set
of equations can be written down (see Appendix II).

Finally study of the coagulation mechanism has been planned

for potential candidate coagulants, It has been found that neither
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methanol or water serves as a very satisfactory coagulant. A coagulant
with appropriate diffusion constant so that it will quench the whole
jet with radius R1 in a short enough time so as to prevent thermal
disorientation in the core, and that it will not disturb the molecular
alignment during exchange of solvents, is needed for successful dry-
jet~wet spinning,

7.1.4 Inert-jet wet spinning with a PBO solution

Inert-jet wet spinning has been attempted with a 8.41%
PB0-37/MSA solution. The jet was formed in a glycerol fluid in the
modified spinning apparatus. A coagulation bath containing 8} MSA/
methanol was kept at o°c.

The principle of inert-jet wet spinning has been discussed
in Section 2.3. As compared with a dry-jet, the inert
liquid jet has the advantage of decreased surface tension and increased
jet stability, the latter resulting from enhanced viscous damping.

Our experimental observations confirmed these predictions. For example,
a jet was easily formed in the glycerine fluid, even with very low
initial velocities-~with the latter, the 'jet' in air would merely
grow into a large bead suspended on the spinneret surface. With a
viscosity of 1490 centipoise at 20°C, the glycerine fluid stabilized
the jet as expected. However, the high viscosity of the inert fluid
proved to be disadvantageous in the subsequent coagulation process.

It was observed that a film of glycerine wrapped around that jet when
it quenched into the coagulation bath. The rate of diffusion and
convection of the glycerine was so low that coagulation was prevented

from taking place in a time shorter than the relaxation time of the
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molecules, As a result, the fiber was too weak to be taken up. The
high viscosity of the glycerine fluid also resulted in 2 nonuniform
film thickness, causing assymmetric cdoagulation around the jet.

Since glycerol has a higher density than the methanol based
coagulant, an inverted configuration of inert jet spinning was zalso
investigated. 1In this configuration, the spinneret pointed upward.
It was immersed in a bath with a glycerine layer at the bottom and a
layer of methanol based coagulant on the top. A thinner and more
umiform film was formed around the jet upon reaching the coagulation
fluid. The same slow coagulations persisted, preventing fiber take-
up. It is concluded that with selection of an inert fluid with a
viscosity and density chosen to optimize the balance between
stability in the inert jet region and rate of diffusion in the coagula~

tion region, a successful inert jet wet spinning may be achieved.
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Table 12
Fibers Dry-Jet-Wet Spun From

8.98% ©BO-37/M5A {2.9% CSA)

PBO Fibers §
01277 01278 01279 012710 012711
Properties
S {denter) 9.55 6.5 6.12 5.27 5.45
T {gpd) 1.06 1.23 1.31 1.90 1.65
g, (gpd) 76 85 117.7 e 12.%
<, {4} 3.02 z.42 2.2 3.12 3.6
zgghlf 2 132 157 175 251 213
T %1[ 2 1.8 2.28 1.9% 3.36 31k
Aligament
Conditions
v, {ew/sac) 8.15 10.7 12.2 11.8 14,8
xafal 2.39 2.88 2.97 3.21 2,15
¢ 5.72 8.32 8.8 10.3 9.95
7 0.01h 0.018 0.019 5.022 0,021
-ty {aec) 0. 160 0.148 0. 146 0.141 0,12
@, (2ec )] 10.9 1.3 4.9 16.5 16.2
®, {sec™h)] 215 3.0 3.5 39.7 52,3
Re 1.7 2.12 2.18 2.33 2.30
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a) Fiber 09273, as spun from a biphasic solution.

b) Fiber 09273H2, above after 6% draw at 382°C.

Fig. 22 X-ray diffraction patterns of PBO fibers.

(Diffraction patterns courtesy of D. Wiff, AFML)
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Fig. 24 X-ray diffraction pattern for PBO fiber 04297H.

(Diffraction pattern courtesy of D. Wiff, AFML)
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Fig. 25
a) X-ray diffraction pattern for as spun fiber 04297.

b) Scanning electron micrograph for a specimen of
fiber 04297 fractured at liquid nitrogen temperatures.

(Diffraction pattern and micrograph courtesy of D. Wiff, AFML)
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Figure 27

a) Fiber 09273 as spun from a biphasic solution;
fractured in liquid nitrogen (x1000j.

b) Fiber 09273H, above after 6% draw at 382°C,
fractured in liquid nitrogen (x1000).

Fig.26. Scanning electron micrographs of PBO fiber.

(Micrograph courtesy of D. Wiff, AFML)
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Fig.28 X-ray diffraction pattern of PBO fiber 12010
prepared from an isotropic solution.

(Diffraction pattern courtesy of D. Wiff, AFML)
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7.2 TFiber Formation with Nematic Solutions of PBT

The formation of the available polybenzbisoxazoles (PBO)
into well oriented solids has been hampered by what appears to be a
low level of intermolecular association, preventing the attaimment of
well ordered solutions and hence well oriented solids. It appears
that solutions of polybenzbisthiozole (PBT) exhibit much less inter-
chain association, and in this section we will describe experiments
leading to the formation of well oriented PBT fibers with a very high
modulus (e.g. up to 1000 g/den or 2 x 107 psi). Rheologiecal consider-
ations for the orientation of rodlike polymers in a flow field used to
design the fiber forming process are also discussed in the following.

7.2.1 Wet Spinning with a PBT-43 Solution

A 9.29 PBT solution was prepared with PBT-2122-43 (I.V. = 9
furnished by J. Wolf of the SRI) using the standard mixed solvent of
methane sulfonic acid (MSA) containing 2.5% by weight chlorosulfonic
acid (CSA). The polymer was first dried on a vacuum line for six
days with a weight loss of 18f. The latter presumably is due to loss
of absorbed water or residual terephthalic acid. The standard dissolu-~
tion process was followed, with occasional release of the pressure
built up in the dissolution tube caused by evolution of hydrogen
chloride, as the solvent was hydrolyzed by residual water on the polymer.
The solution was completed in four days and was stir-opalescent.

Spinning was performed at room temperature with the spinning

(1),

apparatus described previously Glass needle spinnerets of two

diameters (385p and 312, ) were used. The coagulation baths consisted
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of a 50% methanol/ethyl sulfate quench bath and a pure methanol wash
bath, Six fibers were obtained by a wet spinning process, with tensile
properties listed in Table 12. Owing to the small amount of sample
available, it was not possible to optimize the spinning parameters,
Thus the fiber properties are not exceptional (modulus of 28 ~ 80

gpd and tenacity of 0.04 ~ 0.9 gpd). The possibility of dry-jet wet
spinning was demonstrated with 312, spinneret, but no fiber was

taken up due to shortage of sample.

7.2.2 Dry-jet Wet Spinning and Wet Spinning with a PBT-47 Solution

A 10.3% PBT solution was prepared with PBI-2122-L7 (I.V, =
10.7 furnished by Dr. J. Wolf of SRI) using the standard technique. The
weight loss of the as~received polymer in the vacuum line was 2.2%.
The solution was completed in five days and was totally nematic at
room temperature. Dry-jet wet spinning was successfully accomplished
at room temperature with a modified spinning apparatus. The essential
features of modification involved (a) a stabilizing sleeve surrounding
the glass needle spinneret and (b) a V-shape coagulation tube instead
of the conventional rectangular bath. The former stabilized the dry
jet to an extent that more than 30 mm dry-jet length without rupture
were attainable and the latter provided an easier start-up procedure.
Wet spinning was also conducted with the same solution. Water, methanol
and 70% methanol/sulfolane were used as the first coagulant. In all
cases pure methanol was used in the second bath. The spinneret dia-
meter was 265, . The resulting fibers are listed in Table 13, High

modulus fibers were obtained in this series of experiment. 1In
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particular, Fiber # PBT-071938 has an as-spun modulus of 820 gpd. 4n
x-ray diffraction pattern is shown in Figure 33, indicating an
extremely high orientation of the molecules in the fiber. The same
fiber was heat drawn at 386°C to 0.9% with the precedure described

in a previous repert(l}. The resulting fiber attained a modulus of

~ 1,000 gpd, the x-ray diffraction pattern of which is shown in
Fibure 34. Even higher orientation and crystallinity can be seen,

The apparent tensile strength of the material is not very high

(~ 5 gpd), although it is higher than any of the PBO fiber tested. It
is believed that the apparent low value is due to the defects caused by
incursion during coagulation. A much higher value would be obtained
if we take into account the structural factor of the fiber. This will
be discussed in detail below.

7.2.3%3 Dry-Jet Wet Spinning with a PBT-53 Solution

A series of thirteen PBT fibers were prepared by the dry~jet
wet spinning process using the solvent system described above, with a
coagulation bath of 50:50 methanol and sulfolane (along with a
methanol wash bath) and PBT-2122-53 provided by Dr. J. Wolfe. The
spinning solution contained 9.85% polymer. A 96 micron radius spinner-
ette was employed, together with a shield designed to protect the
fresh exudate in the "air gap" from disturbance by drafts, etc. and
to permit the operator to pass a slow flow of nitrogen through the
air gap. Although not used in these experiments, the shield is also
designed to permit the inert jet wet spinning process described in an

earlier section.
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The fiber spinning parameter of interest here are shown in
Table 14, As in previous sections, the elongation number R, 1is deter-
mined from the initial and final radii, Ro and Rl’ respectively, of
the jet:

The final radius R, is estimated from the radius of the dry fiber, using

1
Eqns. 108-111. The initial modulus EO; elongation at break & (expressed
as strain at break times 100, or percent strain), and the strength at
break or tenacity T, were all determined with an Instron tester.

Elongation numbers ranging from 2.26 to 2,93 were achieved.

As explained in previous sections,Re must be large enough to insure
sufficient coventation in the jet, but not so large that small pertur-
bations in the jet radius can be amplified to the point of jet rupture.
The values of Re achieved here are similar to those we have reported
previously, but fall short of the range 5-6 that might be desirable
for fabrication of very highly oriented fibers.

The modulus index Eoebl/2 (with € in percent strain) varies
from 610 to 1215 for the two fibers for which data are presently
available. Fiber 5346 was heat treated at 450°C under nitrogen (at
Celanese Research Center) resulting in a marked improvement in

properties. The as-spun and heat treated fiber properties are as

follows:
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1/2
T sb Eo Eeeb
gpd (#)  epd

As-Spun 6 11 366 1215
Heat Treated 11.5 1 1220 1220

It may be noted that modulus index Eogbl/e did not alter much on heat
treatment, despite appreciable change in modulus, percent strain at
rupture and tenacity.

7.2.4 Dry-Jet Wet Spinning with a PBT Solution

A series of eight PBT-62 fibers were prepared by the dry-jet

wet spinning process using the solvent system described above, with a
coagulation both of 50:50 water and sulfolane or 40:60 water and
sulfolane followed by a methanol wash bath. The polymer, sample
PBT-2122-62A, furnished by SRI, has an intrinsic viscosity of 26 dl/g.
A preparation with 10% polymer by weight in MSA failed to become
homogeneous, even after several weeks, but a homogeneous solution with
8.2% polymer by weight in MSA was obtained after three weeks dissolu-
tion time. The nematic solution was used to form fibers under the
conditions given in Table 15, Values of Re and some fiber properties
are also listed. Samples of this fiber have been provided to
Professor E, Thomas, University of Massachusetts, for additional
physical characterization. It may be noted that the PBT-62 fibers

do not seem to be superior to the PBT-53 fibers, despite the higher
molecular weight of the PBT-62 polymers. The reduced solubility of the

higher molecular weight polymer may account for the lack of marked
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improvement in properties,
As with PBT-53 fibers, heat treatment at 450°C serves to

increase the modulus and tenacity of the fiber:

1/2
T % Bo  Eof /
gpd (¢)  epd

As-Spun 5.0 1.5 500 600
Heat Treated 8.1 1.0 920 910

7.2.5 Effects of Spinning Variables

a) Elongation Number and Dry-Jet Length

It has been established that the two most important process-
ing parameters in a fiber spinning operation are the elongation
t
number Re = I 1 %x dt and the reduced dry-jet length Xr = nE!ROX/ﬁ(Q(Q).
o

The conditions for spinnability and orientation can be summarized as

follows

R,& 3R, 1
2 m -6-5 J1-p >R > & G (Re’ Xr) (115a)
- '
B >T (115b)
(Spinnability) (Orientation)

in which B is given implictly by
X

R, =2m (s + (1~ plexp( 5 )] (116)

and the function G(Re, Xr) by
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R R
SR, X) = oz -1+pmll-gem (-H]+ em(-H] (17)

( Here RQ is the initial radius of the fiber, not to be confused with
the zero shear recoverable compliance RD)' The parameter B is a measure

of the force due to surface tension to that of the total, and

1« exp Xr

limG(R, X )= —————— - 1 (118)
e T R
B~0 1 - exp —
*P 3

In Figure 35, we plotted the modulus index of a series of
PBT-47 fibers with the elongation number Re' Although the data
scattered a bit, the general trend is evident and is in accord with
Eqn. (115b) if Tf/fe is the order of unity. 1In view of the simplicity
of the model involved, its prediction for orientation of the molecules
must be considered quite successful.

In Figure 36, we have plotted the modulus index against the
dry-jet length with same take-up speed. The modulus index in general
increases with the dry-jet length, but the effect tapers off as dry-
jet length gets longer. This result is consistent with the time
dependent behavior of the orientating species in the dry jet. Enough
time has to be allowed for the orientation to reach its steady-state,
and once the steady state flow has been established, any further
increase of residence time (or dry-jet length) is not necessary.

In the preceding discussion, we have put aside the thermo-

dynamic effect of liquid crystal formation for the sake of simplifying
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mathematical treatment. The nematic mesophase formation in these
systems undoubtly plays an important role in the fabrication process,

(

In fact Marruci 26) have discussed the enhancement of liquid crystal
formation due to elongational flow by modifying Flory's lattice theory.
Under microscopic observation, a quiescient nematic solution of PBT
polymer does not necessarily line up in one direction as a whole. The
opposite is always true that they order themselves in local regions.

It has been observed by the author that upon shearing, these local
regions do not simply reorient themselves to the shearing direction,
but break up into much smaller regions (or even molecular species)
which oscillate at low shear rate but line up at higher shear rates.
Although the molecular models discussed in Section 5 were developed

for axisymmetric particles, their applicability to particles of
arbitrary shapes is reasonably self-evident, provided that the rotatory
diffusion constant Dr is adequately defined, It is quite possible that
the orientating species upon imposition of flow are much smaller than
the relaxing species when the imposed flow is removed for a nematic
polymer solution. If such is the case, it remains important to find
out the size and shape of these species under either situation using
optical methods.

The values of Eoebl/2 for the as-spun fiber are similar to
those reported earlier for comparable Re' We were unable to increase
R, in the present case as the fiber ruptured for R, > 3. Thus, even
though the decreased denier may be advantageous for uniform coagulation,

it may be disadvantageous with respect to orientation since the
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allowable R is necessarily reduces (see Table 14). The case of a
multijet spinnerette may offset this effect somewhat.

The relative constancy of the modulus index Eaebl/g with
heat treatment is encouraging. It may be possible to use coagulants
with lower coagulation rates, and fewer problems with incursions, to
produce fibers or films nearly free of voids. These may then be heat
treated to improve EG and T to the desirable levels. For example,
fibers wet spun into sulfolane, with final coagulation in a water/
sulfolane mixture are incursion free, Such a system may be used in
our latter studies on film formation,

b) 1Incursion During Coagulation

it was mentioned above that incursions occur during coagula-
tion of PBI/MSA solution on a glass slide. The same effect can be
observed in the spun fiber in our experiment. 1In Figure 37, we show
a picture of both fiber # PBT-47-071938 and PBT-47-071938H1 under
optical microscope. The fiber axis are &50 with respect to the cross
polars. The fibers are highly oriented everywhere except where
incursions occurred which broke into the fiber and formed a short core
as it is elongated. A scanning electron micrograph shown in Figure 38
confirms the defect that was created due to such incursion effect.
The presence of these defects is explanatory of the high modulus but
moderate tenacity of these fibers.

Suppose the fiber is composed of f fraction of defects per
unit length, and in each defect section the ratio of area that contains

well oriented molecules to the total cross-sectional area is q. Then
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by simple geometric arguement the idealized initial modulus of the

fiber without defect is given by

1
E=Eapp[1+f(-q--1)]

where Eapp is the apparent initial modulus as measured. Based on the
observation with optical microscope, f ~ 1/10 and q ~ 1/3, then
E~ 1.2 E__, not too diferent from E___ . On the other hand, the

app app

fiber will break at its weakest point and the idealized tenacity is

given by

Ta - E'eb
T= B g
Ynin

where TapP is the apparent tenacity, € the elongation at break, E'
the tensile modulus of the defect (unoriented) region and q ;, 15 4
at the weakest point. Then the estimated tenacity is 15 ~ 20 gpd for
a fiber without incursion defect.
c) Conclusion

(1) Successful dry-jet wet spinning with PBT/MSA solution has
been demonstrated to yield fibers with modulus 1,000 gpd and tenacity
5 gpd.

(2) The moderate tenacity is attributed to the defects caused by
incursion during coagulation. Without such defects, the tenacity is

estimated to be 15 ~ 20 gpd.

(3) Stabilization of jet and easier jet starting has been
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achieved with inert jet wet spinning (IJWS). Yet additional problems
have to be overcome to put IJWS into practice.

(4) Molecular models for rodlike polymer have been reviewed in
connection with orientation under elongational flow. The prime molecular
parameter that determines orientation is its rotatory diffusion con-
stant which depends on the third power of the length of the species.

(5) A broad distribution of molecular lengths is undesirable in
the orientation fabrication processes as the orientation effect quickly
deteriorates for shorter species,

(6) The significance of elongation number and the dry-jet length
has been experimentally established in accord with theoretical predic~
tion. Tt is desirable to make R, =5 ~ 6 for perfect orientation of
molecules in an elongational flow.

(7) Additional rheological, optical and coagulation study are
needed to elucidate the molecular mechanism involved in the fabrica-

tion process for refinement.
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Table 13

Wet Spinning Of
9.2%, PBT-43/MSA

Size T ®y Eo T€b1/2 €b1/2

Code (denier) (gpd) (%) (gpd)

PBT-06291 230 0.86 b1k 60 1.75 122
06292 119 0.78 1.7 72 1.02 9k
06293 180 0.3%9 0.59 80 0.30 61
06294 151 0.09 0.16 55 0.0k4 22
06295 155 0.0k4 0.077 48 0.01 13.3
06296 80 0.35 3.7 28 0.67 52
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Table 1t

Wet Spinning and Dry Jet Wet Spinning

of 10.3% PBT/MSA

Take-up E E 1/2
Dry Jet Speed Size T i o
Code {mm) {cm/sec) {denier) {gpd) {4} {gpd)

PBT-0719527 -- 6.3 70.2 2 k.5 62 132
4

071935 § -- b.h 58.9 o 5.7 87 208
P

071936 o -- 8.5 71.5 2 é 57 1328
=

071937 -- 6.65 131.4 0.2% 2.3 11 16.7

071928 2 5.2 22.0 2.5 3.0 87 151

071929 3 £.8 18.4 3.3 2.9 s oh7

071930 3.5 8.5 16,4 3,7 Z.3 130 236

071931 5 8.5 ih.g 3.5 2.64 185 201

0719%2 8 8.5 13.1 3.8 2.4 220 341

071933 10 8.5 1.9 2,76 1.01 b2 432
&0

071934 § 12 8.5 5.9 3,73 1.53 %90 482
2

071938 | ¥ 11 21.9 k.0 5.2 1.1 820 800
2

071939 § 20 9.3 o1.h I3 3,5 160 299
&

07190 a 20 11.9 17.1 bk 2.9 193 329

071941 20 17.1 11.9 2.5 1.6 270 238

0719k2 30 18.9 9,75 k.9 2.1 250 313

071943 30 17.1 9 3,55 1.35 %23 375

071945 - {free fall) 31.5 3.8 5.k 130 302
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Table 15

Dry-jet Wet Spinning of 9.85% PBI-53/MSA

Gode Drﬁi‘it (gsi) _Takf ;;?szf:()aed éiﬁea ( :pdl (@) (ﬁ%d) "

PBT-5%46 15 ~ 20 180 11.3 8.8 6 11 366 2.26
L7 " 200 " 6.5 2.57
18 12 200 k.5 9.9 2.15
ko 20 200 | 20.3 6.2 2.61
50 20 200 23.3 k.5 2.93
51 10 200 26.3 L.8 2.87
52 10 200 31.9 6.8 2.52
53 15 200 20.3 5.9 2.66
5k 10 200 31.9 5.1 2.80
55 15 200 31.9 5.1 Lo 1.3 535 2.8
56 15 200 20 ~ 26 6.5 2.56
57 15 200 31.9 7.1 2.48
58* 23 50 8.5

PBT-5358 were spun from a spinerrett with p = 8L .

133




TABLE 16

Dry-jet Wet-spinning of 8.2¢ PRT-62/MSA

Code Dry-jet P Take-up Size T e E,
(wm) (per) (cm/sec) (den) g/d (&) g/d
PRT-6260 22 70 1.98 28.0
61 op 70 2.96 18.1 7.6
&2 22 70 3.96 i1.5
63 22 100 5.1k 20.8 5.0 1.5 500
' 22 100 £.72 15,7 6.1 1.9 530
&5 20 100 7.9 1.6 7.7 0.9 580
66 20 70 k.7h 2.k
Yi 35 70 o7l 11.3
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Figure 33 X-ray diffraction pattern for a dry
jet wet spun fiber #PBT-071938.
(Courtesy of D. Wiff, Univ. Dayton)

135




Figure 34  X-ray diffraction pattern for heat drawn
fiber #PBT-071938H2. (Courtesy of D. Wiff,
Univ., Dayton)

136



*SuoTINjos <mz\wdxamm y3Ta jusmyaadxa
(sea12a10 usado) Suruurds 3om 3al-Lip pue (se10a70
p21113) Suruurds-jam JO S9TI9S ® I0F BN Iaqunu UOTI

-e30013 ay3 3suiede po33jojd xopur SnInpou JO wy3lrIieso0] (19 2an3TJd
w
» ¢ 2 0
v M v q
1918
40¢
o
o
%o
O o
o O
o
o
o o

o€t

u’Q? 03 @

137




*L4-19d Y3t ‘speeds dn-adje3 Swes Yarm
sjuempxadxe Suruuids-jam 3of-AIp JO S9TIdS ' 107 yasusl

39l ~-£xp ay3 3suyrels peijold xepur saynpow 3O w3t aedo] 9¢ 2an3Td
(ww) y4buen jap AiQ
Ol G 0
' I
-0°¢
=
o
c "
O < 3
L)
—16¢%
o 3 W
< |
b




‘o1 ™

1933weIp Ieqiy ‘saejod ssoao syz o3

% STXe 19913 ‘THQC61.0-19d (q) pue
mmwﬁno-amm () 30 Adoosoaotuw Teot3do L @2an814

(q)

139

(®)




Figure 38 Scanning electron microscopy of
PBT-071930, showing defects due
to incursion 1,000X. (Courtesy
of D. E. Laughlin, Dept. of
Metalurgy and Material Science,
cMU).
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8, TENSILE CREEP AND THERMAL-MECHANICAIL CONDITIONING

8.1 Creep and Recovery

Tensile creep and recovery experiments at room temperature
have been performed on single filaments of fibers PBO-0L29-7, PB0-0429-8
and PB0-1201-0. (See Table 10). The tensile creep compliance D(t),
defined as the strain ¢(t) divided by stress ¢ is shown as a function
of the cube root of time in Figure 39 for a PB0O-0429-8 fiber. 1In this
case, we employ the specific stress in grams per denier, gpd, since
the average size of the fiber is better expressed in denier rather
than in terms of the cross~sectional area, especially for nonuniform
fibers or fibers of unknown density. Curves (a), (b) and (c) represent
consecutive first, second and third loadings of the sample after
previous creep and recovery. The stress ¢ here is 0.735 gpd. After the
third loading (c) the fiber became '"mechanically conditioned" so that
further tests yielded the same curves. The creep data for t > 15 sec

are fitted by the Andrade cube root relation:

D(t) = DNR(t) + DA(l + BRt1/3) (119)

where DNR(t) is the nonrecoverable compliance and the second term is
recoverable.

The recovery compliance D(e,tc), the corresponding viscoelastic
function at recovery time § after creep of duration tc is shown in
Figure 40. 1If the sample under investigation is linear viscoelastic,

The Boltzmann superposition principle yields
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D(8,e) = Dglt,) + DgR(se ) (120)
where
R(s,t ) = (8 + £ )Y/3 - o3 (121)

Plots of D(t) versus tl/5 from creep and D(S,tc) versus

R(S,tc} from recovery should have identical slopes D the former

APr

curve has intercept of Bﬁg(tc) + D, at t = 0 and the latter an intercept

A
BNR(tC) at R(e,tc) = 0 (or 6 = w). The initial modulus E is given by
ngi, the reciprocal of the difference of the two intercepts. Curves
(b) and (c) of the second and third run follow the behavior described
above within experimental error. Values of relevant parameters are
listed in Table 16. Curves (a) of the first run, however, do not yield

the same slopes for creep and recovery plots although they can be

fitted by the cube root relations. One can empirically assume that
- /3 '
BNR(t) =D, (gc BR}t + D (t) (122)
where the first term is the cube-root contribution to the non-recoverable
compliance. Substituting Eqn. (122) into Eqn. (119), we have for the

creep compliance

D(t) = D' (€) + D,(1 + p_e/3) (123)

12




The intercept, D __'(t) + D,, at t = O cannot be used directly

NR A

to evaluate the initial modulus. The value of D,s instead, can be

obtained by subtracting Eqn.(¥0) from Eqn.(133), at t = t, and 6 - O:

) (124)

DA=D(t=tC) -D(6=0,t

[

the second term being the extrapolated value of Eqn. (120) at 5 = 0.

The initial recoverable compliance D, obtained in this manner is

A

however not a property of the virgin fiber but that of the fiber after
irreversible creep has occurred for time tC under a stress g. The
ideal value of initial compliance DA of the virgin fiber must, there-

fore, be obtained at a stress level ¢, low enough to ensure linear

0

viscoelastic behavior. For fibers that have been subjected to a stress

A equal

to the value D(t) at t = 15 sec, This value is in general within 5% of

c > Oyr e arbitrarily define an apparent initial compliance D'

the value DA determined more elaborately by the infinitesimal stress

method. The apparent initial modulus E' is calculated as (D'A)-1 and

0
is entered in the last column in Table 17,
The Andrade creep behavior of PBO is reminiscent of the
behavior of BBB polymer. Indeed, the polymers have similar Andrade
dube-root coefficients BR’ The initial modulus is however much higher
for PBO than for BBB (Eo ~ 25 gpd for the as-spun BBB fiber or film).

Even at room temperature, the fiber PBO can be mechanically conditioned

to attain an initial modulus of 102 gpd as indicated by our experiments.




8.2 Thermal-Mechanical Annealing

Extensometry at increasing temperatures has been carried out
on a PBO-1201-0 fiber previously subjected to one cycle of creep and
recovery at room temperature. The fiber was installed in the tensile
creep apparatus with a constant load of 1 g (or a specific tensile
stress of 0.055 gpd). The apparatus was evacuated and then heated
from room temperature to 600°C over 7 hours. The extension of the
fiber was monitored and is plotted against temperature in Figure 41,
Since temperature equilibrium was not reached except at the beginning
and the end of the experiment, there might be some error (3;1008) in
the temperature, but the general features are not affected. For
comparison, the dashed curve in the figure indicates the extension
of the fiber that would have been incurred in the time required to
reach temperature. Up to 15000 specimen contracted with increasing
temperature due to thermal annealing, The maximum contraction is even
larger than the nonrecoverable strain (ca. 0.16%) incurred in the
previous creep experiment. As the temperature increased about EEOGC,
the effect of the load took over and the specimen extended up to 1.49
(or ¢/o = 0.259 denier/g) at 530°C. Thereafter, it contracted drasti-
cally, probably due to oxidative degradation.

Another thermal mechanical measurement was made on an as-spun
PBO-0429-7 fiber equilibrated at elevated temperatures, A single
filament of the fiber was loaded with a 5 g weight (or ¢ = 0.368 gpd)
in the tensile creep apparatus which was then evacuated and heated step-

wise to 460°C. After equilibration at each intermediate temperature,
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tensile recovery and creep measurements were performed. After the 460°¢
measurement, the instrument was cooled to room temperature and the
cycle was repeated for a load of 10 g weight up to 350°C.

Figure 42 shows the result of the first heating cycle. The

nonrecoverable strain ¢_, was measured after the recovery experiment

NR
at each temperature. Again behavior similar to that of the PB0-1201-0
fiber can be observed., The nonrecoverable extension is about 0.004%
per °c below 160°C, changing to 0.012% above this point, This indicates
that enhanced intermolecular mobility is achieved in fibers as-spun or
mechanically conditioned at room temperature beginning at ca. 130 to
160°C. On the other hand, the initial recoverable tensile modulus
Eo decreases to a minimum at 59000; thereafter, it increases more
rapidly upon further increase of temperature under the 5 gm load. The
increase in Eo is probably due to molecular rearrangements facilitated
by the enhanced mobility,

It took 25 hours to complete the first temperature cycle,
In the second cycle, however, essentially no nonrecoverable strain was
observed up to 350°C under a load twice as high (¢ = 0.76 gpd). The
specimen even underwent a slight contraction (-0.05%). Thus, it appears
that well-annealed fibers do not display the enhanced mobility. The
specimen so treated was drawn to a permanent extension of 4% and the
initial tensile modulus was measured to a 204 gpd., These results
indicate that hot-drawing at 390°C could be used in post-spinning

treatment of PBO fibers.

Similar effects were found with a PBT-62 fiber (PBT-62-63).
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The fiber was held at &SQGC under vacuum for 15 hr. under a tensile
stress of 1 g/é. The instantaneous modulus Ee was then determined
over the temperature range from 30 to &3&3, In addition, creep and
recovery was studied at 5@0 and 400°C, The data on Eo as a function
of temperature show that Ee is only weakly affected by temperature for
the thermally annealed fibgr, with EAPP = agﬂgnga(RT}‘l equal to 300
cal/mol. The creep and recovery data on the fiber could be fitted by
Eqns. 119-121 with Dﬂgﬁt) equal to zero at both 30 and 400°C for the
thermal-mechanically conditioned fiber, The time constant Ty = gR'}/E
for Andrade creep decreased about eight-fold over the range 30 to

400°C, being about 3.6 x 136 sec at 30°.
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TABLE 17

CREEP AND RECOVERY PARAMETERS FOR

PBO FIBERS
Sample Run D,__(t) D D’ ﬁc B E E’
NR A A - r o Y
(denier/gl (sec 1/?§ (gm/denier)

PBO-0429-8 1st 0.0281 0.0107 0.01820.0314 0.0101 93 55
2nd 0.0012 0.0110 0.01120.0080 0.0082 91 89
3rd 0.0010 0.0106 0.0108 0.0075 0.0072 94 93

PBO-0429-7 Ist 0.0066 0.0112 0.01510.0326 0.0277 89 66
2nd 0.0088 0.0098 0.01240.0194 0.0094 102 81

PBO-1201-0 1st 0.0030 0.0120 0.0123 0.0160 0.0063 83 81
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Fig. 40 Recovery compliance D(6, t ) versus cube root of recovery time (dotted
points); and the function R(G t ). (Crosses); (a) square, (b) circle and
(c) triangle, refer to recovery from the first, second and third loading.
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9, Scale-up of Fiber Formation Process

Under subcontract arrangement, the fiber formation of PBO
and PBT under larger scale operation has been investigated by the
Celanese Research Company. The principal effort has involved three

separate tasks:

1) synthesis of PBO for use at Celanese and
elsevhere in the AFML program

2) fiber formation by solution processzng of PBO
prepared by Celanese

3) fiber formation by solution processing of PBT
prepared by SRI International

The results of this work are given in detail in report
prepared by the Celanese Research Company, included herein in its
entirety in the Appendix, 1Im addition, the’results have been
included, in part, in the preceding text, and have, of course, substan~
tially influenced the course of the overall investigation,

In summary, the synthesis effort identified some problems
with the original PBO preparation as concerned the scale-up monomer and
polymer synthesis., These included the method used to reduce interme-
diates in the monomer synthesis, and the corrosion of reaction components
in the polymerization. Problems were overcome to permit preparation of
PBO at the 6 Kg batch level. Samples of this polymer were used by
Celanese, and provided to other AFML designated research groups.

Although the results of the processing studies on PBO completed
by Celanese have been included in part in the preceding discussion, the

details of their work were not described. These details, which may be
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found in the appended Celanese report, include additional scanning

electron microscopy, some x-ray diffraction, and the study of coagula-
tion bath composition. Since these results were included in the over-
all presentation made above, and may be found in the Appendix, we will
not repeat them here in detail. In summary, the Celanese study showed:

1) PBO solution are difficult to process by the
dry-jet wet spin method.

2) Homogeneous PBO solutions have not been pre-
pared at concentrations of about 12 percent
by weight.

3) Wet spun fibers appear to have voids created
in the coagulation process.

4) Post fiber spinning heat treatment increases

the modulus of PBO fibers. (The highest
modulus achieved for PBO was 710 g/d).

5) The coagulation created voids 1limit the tenacity.

In addition to these conclusions, the Celanese workers
observed that a PBO solution could be formed into a ribbon by extrusion-~
the preliminary process did not produce good orientation. The work on
PBO fiber formation indicated the need for an apparatus capable of
working with solution volume of the order 50 ml. A suitable instrument
was designed and constructed.

Work at Celanese also included fiber formation of PBT obtained
from SRI‘International. As indicated in the previous report, experience
shows that PBT is easier to work with than PBO.

The Celanese study showed that

1) PBT solutions could be processed by the dry-
jet wet spin method.
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2) The coagulation process creates voids that
diminish the overall tenacity. (The highest
overall tenacity achieved was 12.3 g/d).
3) Post fiber spinning heat treatment increase
the modulus of PBT fibers. (The highest modu-
lus achieved was 1530 g/d).
In addition, some preliminary data showed the evolution of
562 from some PBT fibers heated to 200-3&006. This occurred despite
the thermal-mechanical evidence that the fibers are stable at tempera-
tures up to #GGQC, as discussed in section 9 of this report., The
origin magnitude and reproducibility of the 502 evolution should be
explored further, Flammability studies by Celanese showed that both
PBT and PBO are intrinsically noncombustible.
As with PBO, preliminary data were obtained on the formation
of PBT ribbon by extrusion of a solution through a slit die. Reasonable

results were obtained, but the overall orientation was low with the

preliminary data.
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10, CONCLUSIONS AND RECOMMENDATIONS

The preceding report has described the solution processing
of PBO and PBT to form oriented fibers., An analytical discussion of
the fiber formation process showed that dry-jet wet spinning is the
preferred process, largely because it effects a separation of the
orientation and coagulation steps in the formation process. Although
the molecular orientation and disorientation time constants appear to
be satisfactory for this two-steﬁ process with both PBO and PBT, only
the latter is readily processed by the dry-jet wet spin process.

The relative difficulty of processing PBO by the dry-jet
wet spin process may relate to the state of aggregation of its solution,
intermolecular association being more pronounced with PBO solutions
than with PBT solutions, Since PBO is less easily processed than PBT,
and also appears to be no more thermally stable, or easily synthesized
than PBT, it is recommended that any further effort on the formation of
oriented, thermally stable polymers be directed toward PBT as opposed
to PBO.

The formation of solutions of PBT into oriented fibers has
resulted in fibers with high modulus (ca 1530 g/d, or 3 x 10/ psi),
but with an overall temacity (ca 12 g/d or 2.3 x 10° psi) that is
decreased by voids incurred during the coagulation step. Calculations
show that the inherent tenacity of the flow-free fiber is about 20 g/d

5

(or r x 10° psi) or greater. The importance of these voids in deter-

mining fiber tenacity warrents some additional study of methods to
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suppress their formation. Two methods can be suggested based on prior
experience:

1) Decreased temperature of the coagulation bath
to suppress both the disorientation time of
the solution and the coagulation rate--the
latter should suppress void formation.

2) Prepare mixtures of PBT containing high and
low molecular weight components. The former
will permit orientation, whereas the latter
may permit higher overall concentration, there-
by suppressing void formation.

The latter recommendation is based partly on the observation
that increased molecular weight of PBT does not bring increased modu-
lus or tenacity in the processed fiber, probably because it is
necessary to use lower concentrations in the processing solution to
obtain solution homogeneity. The latter is essential to obtain the
needed high orientation in the processed material.

The results of the solution processing of PBO and PBT indi-
cate that a film formation device discussed previously31 should be
useful in the formation of PBT films by solution processing. It is
recommended that further attention be given to the design and use of
this apparatus to develop oriented PBT films. Some work along these
lines is presently underway at CMU.

Additional thermal-mechanical and thermal stability data will
be required on well oriented PBT materials as these become available,
and these results should be evaluated in term of the AFML objectives

for PBT materials.

Finally, the overall results with PBT can be considered
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good--well oriented, high modulus fibers with reasonable tenacity have
been prepared, and the physical properties appear to be good up to
about 400°¢. Nonetheless, additional work is needed to bring the
solution processing to a useful level, and it is recommended that

this effort be carried out.
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Appendix I

COMMENTS ON THE USE OF EQUATION 7

A few words should be said about the approximation of Eqmn. (1)

with Eqn. (7). 1In this approximation, we have neglected the term Fgrav

which has a time average value ranging from 0.064 to 0.072 dynes. The

term Fr ranging from 0,31 to 0.38 dynes is retained in the equation.

heo

A closer look at their initial values shows the opposite. According to

Eqn. (22)
Ry EVO}f/b (1-1)
and the initial contribution of F is
rheo
o —
Fheo = 227 y/b (1-2)

the value of which ranges from 0.018 to 0.027. On the other hand the

initial value of Fgrav is given by
Fo = gpQ(t, - t.) (1-3)
grav 1 0

the value of which ranges from 0.13 to 0.14 dynes. Therefore a closer

approximation to Eqn. (1) should instead be

F = AfR + 2moR - gpQ(t} - t) (1-4)

This equation can be solved to yield an implicit fumction of
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t for R:

where
uy = [F + pQ(t; - £;) - 2roR, 1/2moR (1-6)
u= [F+ gpQ(t1 - t) - 2moR]/2m0R (1-7)
q = [+ J 2gpqm/mf /2 (1-8)
and 1= [1- y zgpci‘n/noc2 1 /2 (1-9)

Interpretation of this function is complicated as the value of
F is yet to be determined,

However, in the initial stage of the jet (t =~ to), the
rheological contribution can be neglected and Eqn. (I-4) solved to

yield

- R - 20Q -
R=Ry-3>5t (1-10)

The initial elongation rate is given by Eqn. (8)

—

X =

80Q_ ~ 0.7 Sec:-'1

TIOR 0
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twice the value given by Eqn. (I-1). This initial gravitational
effect, however, decreases rapidly as the elongation rate increases
exponentially according to Eqn. (10). We can approximate Eqn. (I-4)
stepwise: firstly with Eqn., (I-10) up to a time €gs and then with

Eqn. (7) by considering tos Rg, Vg, Xg} as its t , Rj, V, and X,
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Appendix II

USE OF EQUATION 7 WITH A 'POWER LAW FLUID'

In case of B << 1, Eqn. (7) is reduced to
F= A7 % (11-1)

This equation can be solved explicitly for a fluid obeying

the power law

— = ey AT

n = n,(W%,) (11-2)
where m is the power which makes 7 = constant at m - o0 and % = constant

at m = ». Solution to Eqn. (II-1) are listed in Table 3 for the general

m and particular m = 0, » and 0.2.
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Appendix ITI
SYNTHESIS AND PROCESSING OF ROD-LIKE AROMATIC HETEROCYCLIC

POLYMERS: PARA-PHENYLENE-POLYBENZBISOXAZOLES AND PARA-
PHENYLENE-POLYBENZBISTHIAZOLES. A REPORT FROM THE CELANESE

RESEARCH COMPANY.

The following is a report in its entirety submitted to CMU by
the Celanese Research Laboratory as required by subcontract with CMU on
AF Contract No. F33615-76-C-5165. The results of this study are also

to be found in the text of the CMU report.
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AROMATIC HETEROCYCLIC POLYMERS:
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OXAZOLES AND PARA-PHENYLENE-POLYBENZOBIS-

THIAZOLES

CELANESE RESEARCH COMPANY
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MAY 1979

Final Report for Period April 1977-April 1979
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NOTICE

When Government drawings, specifications, or other
data are used for any purpose other than in connection with
a definitely related Government procurement operation, the
United States Government thereby incurs no responsibility
nor any obligation whatsoever; and the fact that the Govern-
ment may have formulated, furnished, or in any way supplied
the said drawings, specifications, or other data, is not
to be regarded by implication or otherwise as in any manner
licensing the holder or any other person or corporation,
or conveying any rights or permission to manufacture, use,
or sell any patented invention that may in any way be
related thereto.

This report has been reviewed by the Information
Office (0I) and is releasable to the National Technical
Information Service (NTIS). At NTIS, it will be available
to the general public, including foreign nations.

This technical report has been reviewed and is
approved for publication.

/L7/ / 4«/1// 2 AT | 9@

Dr. T. Helminiak 1, S RETNHART, JR., Ciief
Project Scientist Composites, Adhes1ves & Fibrous Matls Br
Nommetallic Materials Division

J. M., Kelble, Chief
Nonmetallic Materials Division
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